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Abstract
The colloidal stability governed by various surface interactions including van der
Waals (VDW) interaction, electrical double layer (EDL) interaction, hydrophobic
interaction, and some other interactions, plays an important role in a wide range of natural
phenomena and engineering applications. The basic understanding of surface properties and
interaction mechanisms of colloidal particles is of both fundamental and practical
importance in many engineering processes such as mineral froth flotation. In this study, the
surface characteristics of sulfide minerals, such as sphalerite, galena and molybdenite, were
investigated in complex aqueous media using several complementary experimental
techniques to better elucidate the surface heterogeneity, electrochemical properties and
bubble-particle interaction mechanisms that contribute to various interfacial phenomena
in flotation.
Atomic force microscopy (AFM) force mapping was applied to probe the nanoscale
heterogeneity of surface hydrophobicity and surface interactions on sphalerite surface
before/after conditioning treatment (i.e. copper activation and xanthate adsorption). It was
shown that sphalerite surface was hydrophilic with homogeneous surface hydrophobicity,
while conditioned sphalerite exhibited heterogeneous distribution of surface hydrophobicity
due to non-uniform adsorption of xanthate. The significantly enhanced adhesion after
conditioning treatment with chemical reagents originated from the additional
hydrophobic attraction.
Equipped with the electrochemical setup, the interfacial chemical reaction and
evolution of surface characteristics (i.e. morphological changes and surface interactions)
on galena surface were simultaneously measured using AFM at the nanoscale. The in-situ
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topographic imaging revealed homogeneous electrochemical oxidation across the mineral
surface, leading to slight surface roughening at the applied potential of 0 V (0.206 V vs
standard hydrogen electrode) and more pronounced surface roughening at higher
potentials (e.g. 0.3 V and 0.45 V). The quantitative force results demonstrated that
hydrophobic interaction was strengthened with increasing the applied potential from -0.7
V to 0.45 V, which agreed well with the enhanced hydrophobicity of galena surface. The
electrochemical oxidation at 0 V was believed to be the formation of metal-deficient lead
sulfide, while the oxidation at 0.45 V arose from the formation of elemental sulfur that
was further confirmed by cryo-XPS.
Furthermore, AFM bubble probe technique was employed to quantitatively
measure the interaction forces between air bubbles and mineral surfaces (i.e. sphalerite
before/after conditioning treatment and molybdenite before/after depressant adsorption).
Surface forces were shown to play the critical role in bubble-mineral interaction and
attachment, which agreed excellently with the theoretical calculations based on Reynolds
lubrication theory and augmented Young-Laplace equation by including the effect of
disjoining pressure. Increasing the salt concentration led to weakened EDL repulsion, and
thus facilitated the bubble-mineral attachment. For the hydrophilic sphalerite case, the
bubble was more readily attached to the mineral surface after conditioning treatment,
which was contributed from the strengthened hydrophobic attraction. For the
hydrophobic molybdenite case, the adsorption of polymer depressant weakened
hydrophobic attraction and induced steric repulsion, thereby stabilizing thin water film
and inhibiting bubble-mineral attachment.
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This work provides novel methodologies to study the surface properties and
interaction mechanisms of sulfide minerals in complex aqueous media at the nanoscale.
The results in this work provide valuable and quantitative information on the fundamental
understanding of surface heterogeneity, electrochemical properties and bubble-particle
interaction mechanisms of sulfide minerals in complex aqueous media, which can be
readily extended to many mineral systems and other related engineering processes.
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Chapter 1 Introduction
1.1 Principles of mineral flotation
Froth flotation is an important mining and mineral processing technique used to
selectively separate valuable minerals from gangue minerals based on their attachment
propensities to air bubbles.1-3 Due to the difference in the interactions between air bubbles
and mineral particles, hydrophobic particles more readily attach to air bubbles and rise to
the surface of the pulp to form a mineralized froth, and hydrophilic particles remain
suspended in the pulp as the tailings.1-3
Sulfide minerals, a class of minerals containing sulfide (S2−), are economically
important as metal sources. The majority of sulfide minerals are metallic and opaque,
some of which exhibit perfect cleavage along the crystal plane such as sphalerite, galena
and molybdenite. Most sulfide minerals are naturally hydrophilic and difficult to float
with air bubbles without the presence of chemical reagents known as collectors. Shortchain xanthates are widely used as collectors to enhance the hydrophobicity and
floatability of sulfide minerals.3-5
Sphalerite, consisting largely of zinc sulfide, crystallizes in the isometric crystal
system, where zinc and sulfur atoms are tetrahedrally coordinated. Due to the relative
instability of zinc-xanthate, sphalerite responds poorly to thiol collectors, and thus the
activators are commonly used to improve the adsorption of xanthate on sphalerite
surface.3-5 Cu2+ is the most widely used activator, and some other heavy metal ions (e.g.
Pb2+, Fe2+/Fe3+) in ore deposits or process water can also activate sphalerite.3-5 Copper
activation of sphalerite was generally considered to follow an ion exchange mechanism
1

between Cu(II) in aqueous solution and Zn(II) on sphalerite surface; thereafter, Cu(II) on
sphalerite surface is reduced to Cu(I), which reacts with xanthates to form stable Cu(I)xanthate, thereby resulting in the oxidation of surface sulfide to hydrophobic species such
as polysulfide, metal-deficient sulfide and elemental sulfur.3-5
Galena (natural mineral of lead sulfide) crystallizes in the isometric crystal system,
where lead and sulfur atoms form a close-packed cubic unit cell. As compared to
sphalerite, galena responds better to thiol collectors due to stronger lead-xanthate
interaction. In addition, galena is a semiconductor material with a small band gap of ~0.4
eV, so electrochemical treatment, due to its cost-effective and environment-friendly
properties, can be a feasible alternative to enhance the hydrophobicity and floatability of
galena particles.6
Molybdenite, natural mineral of molybdenum disulfide, consists of a sheet of
molybdenum atoms sandwiched between sheets of sulfur atoms. The Mo-S covalent
bonds are very strong, thereby resulting in a stable sandwich-like tri-layer structure. The
interaction between two tri-layer structures is van der Waals force, which is easy to break
to expose the naturally hydrophobic basal plane. Molybdenite frequently occurs in the
form of copper-molybdenum ores, and the common practice is to depress chalcopyrite
from the bulk concentrate.7-9

1.2 Challenges of mineral flotation
Over the past few decades, substantial progress has been achieved with respect to
the interfacial phenomena in the flotation of sulfide minerals,1-5, 10-12 yet there are still
considerable knowledge gaps between the fundamental understanding of nanoscopic
interaction mechanisms at the air/water/mineral interfaces and the macroscopic mineral
2

flotation, particularly for the challenging issues associated with complex water chemistry
and fine particle flotation.13-17
Due to the shortage of available fresh water sources and restrictions for disposal
of used water to the environment, the use of recycled water and seawater in mineral
process is believed to be a sustainable solution. Recently, recycled water and seawater
have been successfully applied in the flotation of several sulfide minerals such as Cu-Mo,
Cu-Pb-Zn and Cu-Au ores.13-15, 18-19 Increasing research interest has been focused on the
effect of water chemistry on the interfacial phenomena in mineral flotation such as
surface properties and bubble-particle attachment.13-15, 18-23 The presence of electrolytes
was found to significantly influence the surface properties of mineral particles (e.g.
hydration layer) and air bubbles (e.g. bubble coalescence and froth stability), thereby
affecting the flotation performance.20-22 The bubble-mineral attachment governed by the
interaction forces between air bubbles and mineral particles has been characterized in
electrolyte solutions, which showed the attachment efficiency was closely related to the
mineral size, surface hydrophobicity and salt concentration.23-24 Nevertheless, the basic
understanding of the interaction mechanisms in complex aqueous media, particularly for
the bubble-mineral interaction, is still very limited.
Fine particle flotation has also puzzled researchers due to the low collision and
attachment efficiencies of fine particles with air bubbles, which significantly affects the
recovery and selectivity of valuable minerals.16-17 The efficiencies of bubble-particle
collision and attachment were reported to increase with decreasing bubble size.25-27
Hence, various methods have been attempted to improve the performance of fine particle
flotation by decreasing bubble size.28-30 Hydrodynamic cavitation is a mechanical
3

approach used for generating tiny bubbles (e.g. nanobubbles) that are preferentially
anchored onto the hydrophobic domains of fine particles, thereby enabling the attachment
of fine particles to conventional sized bubbles in mineral flotation.29 Dissolved gas
flotation is a physiochemical approach to generate “nuclear” air on the hydrophobic
domains of fine particles by precipitating the gas molecules in supersaturated state.30 As
compared to hydrodynamic cavitation, the low air flow rate of dissolved gas flotation can
cause relatively low selectivity, which makes it only suitable for fine particle flotation in
wastewater treatment.30 In fine particle flotation, the hydrophobic domains of fine
particles provide the anchoring sites for tiny bubbles, and thus elucidating the size and
distribution of hydrophobic domains will help modulate the hydrophobic domains toward
improved flotation performance of fine particles.
Some other challenging issues include collectorless flotation with electrochemical
treatment and thin film drainage process. Fully solving the above challenges highly relies
on a basic understanding of the surface properties and interaction mechanisms involved
in the respective mineral systems, which will underlie great opportunities in controlling
the air/water/mineral interfaces toward developing novel mineral processing technologies.
Compared to the extensive studies on the composition, characterization and floatability
associated with the flotation of sulfide minerals, limited reports are available on
elucidating the surface properties and interaction mechanisms (i.e. surface heterogeneity,
electrochemical properties and bubble-particle interaction) at the nanoscale in mineral
systems, and such studies are urgently needed in the field of mineral process.
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1.3 Interactions involved in mineral flotation
In mineral flotation, the interactions between air bubbles and mineral particles
determine the flotation recovery, while the interactions between air bubbles and gangue
particles and between mineral particles and gangue particles govern the flotation
selectivity. The interactions that contribute to various interfacial phenomena in mineral
flotation involve van der Waals (VDW) force, electrical double layer (EDL) force,
hydrophobic force, and some other forces such as steric force.

1.3.1 Van der Waals (VDW) force
The VDW force, named after Dutch physicist J. D. van der Waals, is the sum of
attractive or repulsive forces between atoms, molecules and even surfaces arising from
intermolecular interactions with the exclusion of chemical bonds. Keesom interaction
(dipole-dipole interaction between two polar molecules), Debye interaction (dipoleinduced dipole interaction between a polar molecule and a non-polar molecule) and
Dispersion interaction (instantaneously induced dipole-instantaneously induced dipole
interaction between two non-polar molecules), each varying with the inverse sixth power
of the distance, together contribute to the total VDW interaction.31
The VDW force between two objects in a medium can be attractive or repulsive
based on the Lifthitz theory by considering the influence of neighboring atoms on the
interaction between any pair of atoms. The VDW force is attractive provided that the
parameters (i.e. dielectric constant, refractive index) of the medium are lower or higher
than those of two objects (e.g. mineral-gangue interaction in water). On the other hand,
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the VDW force is repulsive provided that the parameters of the medium lie between those
of two objects (e.g. bubble-mineral interaction in water).31

1.3.2 Electrical double layer (EDL) force
Most particles suspended in water carry surface charges, which may be originated
from the ionization of surface groups, the adsorption of ions from solution, or charge
exchange mechanism.31 Whatever the charging mechanism, the surface charge of co-ions is
balanced by counterions to sustain the colloidal system electrically neutral. Some of the
counterions are firmly bound to the surface via coulomb force within the stern layer, in
which the electric potential linearly decreases with the distance, whereas other loosely
associated counterions are free to move within the diffuse layer under the influence of
electric attraction and thermal motion, in which the electrical potential distribution
follows the Poison-Boltzmann equation.31 Thus, an EDL develops near the charged
surface in aqueous solution.
When two particles approach each other, the EDL of each particle overlaps. The
potential profile between these two particles induces the variation of ionic concentration
within the gap with respect to the bulk solution and generates an osmotic pressure, which
is the origination of EDL force.31 The strength of EDL force increases with the magnitude
of surface potential, but decreases with the distance up to a few tenths of nanometers. The
EDL force between two similarly charged surfaces is repulsive and decays exponentially
at large separation, though the force can turn to attraction at small separation under
certain conditions. On the other hand, the EDL force between two oppositely charged
surfaces is attractive at any separation.
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When the particle moves in aqueous solution, the ions and ion-bearing solution
inside the shear plane simultaneously move with the particle due to coulomb attraction
between charged surface and surrounding counterions. The potential at the shear plane
(viz. zeta potential) could be measured through electrophoresis phenomenon and
commonly used to characterize the surface charge of particles in colloidal system. Once
an electric field is applied across the suspension, charged particles are attracted toward
the oppositely charged electrode and the electrophoretic mobility can be used to calculate
zeta potential through different equations depending on the particle size.

1.3.3 Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
The DLVO theory is widely used to quantitatively describe the interaction and
stabilization mechanisms in colloidal systems by considering the effects of VDW and
EDL interactions. The net DLVO interaction energy is considered as the sum of VDW
interaction energy and EDL interaction energy. Figure 1.1 shows the schematic of DLVO
interaction energy between two similarly charged surfaces in 1:1 electrolyte solution.
The VDW attraction is insensitive to the variation of solution conditions such as
ionic concentration and pH condition, which rises quickly and turns infinite as separation
distance D → 0. For highly charged surfaces in low ionic concentration solution, a strong
EDL interaction results in a long-range repulsion and an energy barrier, which inhibit the
surfaces approaching each other and sustain a stable colloidal system.31 To break the
stable colloidal system, the ionic concentration can be increased to weaken the EDL
repulsion and reduce the energy barrier.31 Therefore, the DLVO interaction energy plays
an important role in bubble-particle attachment and particle-particle aggregation in
mineral flotation.
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Figure 1.1 Schematic of DLVO interaction energy versus separation distance between
two similarly charged surfaces in 1:1 electrolyte solution.31
1.3.4 Non-DLVO forces
The DLVO theory has been successfully used to describe the colloidal stability
with the effects of only VDW and EDL interactions. Once the colloidal system becomes
complicated, the DVLO theory fails to describe the phenomena due to additional nonDLVO forces such as hydrophobic and steric interactions.
Hydrophobic interaction, referring to the usually strong attraction between
hydrophobic atoms, molecules and even surfaces in aqueous solution, is ubiquitous in a
wide range of water-based systems, such as Lotus-inspired self-cleaning technologies,32
self-assembly of biomolecules,33 and aggregation of oil droplets in water.34 In mineral
flotation, hydrophilic mineral particles remain suspended in slurry due to the repulsive
DLVO interaction at large separation, while hydrophobic mineral particles can attach to
air bubbles due to the additional hydrophobic attraction that overcomes the energy barrier
of DLVO interaction. Until now the exact origin of hydrophobic interaction is still not
fully understood. Nevertheless, the hydrophobic interaction is generally considered to
8

originate from the fact that hydrophobic moieties cannot form hydrogen bonds with
adjacent water molecules, thereby resulting in specific orientation of adjacent water
molecules and loss of configurational entropy.35
The steric repulsion is also very important in mineral flotation, especially when
water-soluble polymers are used as chemical reagents. Generally, when two mineral
particles covered with polymers approach each other, the polymer chains dangle out into
the solution with thermal mobility, thereby resulting in a repulsive entropic force for
overlapping polymer molecules.

1.4 Direct force measurements
A complete understanding of the fundamental interaction mechanisms in mineral
flotation requires the essential information on the force-distance profile of solid-solid and
bubble-solid interactions. Atomic force microscopy (AFM) has been extensively used to
quantify different intermolecular and surface forces, such as VDW, EDL and
hydrophobic interactions, with sub-nN resolution in a wide range of systems.36-40 The
schematic of typical AFM setup is shown in Figure 1.2. During the force measurements,
the AFM probe was positioned over a solid surface and then driven to approach and
retract toward the surface. The deflection of the cantilever was detected through a laser
beam that was reflected from the cantilever to a photodiode detector, which was further
converted to the force using the Hooke’s law. Although AFM is not able to directly
measure the absolute separation between two interacting surfaces, it can provide valuable
and complementary information on the interaction mechanisms in complex aqueous
media.
9

Figure 1.2 Schematic of typical AFM force measurements using AFM probe.
In 1991, AFM colloidal probe technique was developed to measure the interaction
forces between a silica sphere probe and a silica surface in various aqueous solutions for
the first time.41 The spherical colloidal particle, which could be silica, ZnS or other
materials, was glued onto tipless cantilever and then driven to interact with all types of
solid surfaces.36-40 In contrast, the measurements of deformable air bubbles were far more
complicated than that of solid surfaces due to the practical challenge of precisely
manipulating deformable objects and interpreting force results. The first force
measurements between solid particles and air bubbles can be traced back to 1994, in
which the colloidal probe was driven to interact with an air bubble immobilized on a
hydrophobized substrate.42 This approach makes it possible to directly measure the
interaction forces between deformable air bubbles and different solid particles.42-46 It was
found that the repulsive VDW and EDL interactions could sustain thin water films
between air bubbles and hydrophilic substrates, whereas attractive hydrophobic
interaction could induce thin water film rupture and bubble attachment on hydrophobic
10

surfaces.42-46 The addition of surfactants was also found to effectively inhibit the thinning
process of confined water film.43-46 In all of these studies, however, the bubble
deformation was calculated based on the assumption that the bubble could be considered as
a linear Hookean spring with an effective spring constant equal to the surface tension, which
was later proven unsuitable to interpret the measured forces due to the nonlinear nature of
bubble deformation in response to external forces.47 Moreover, many materials can only be
prepared as the flat surface (e.g. mica, molybdenite, graphite), which in certain cases
limited the application of AFM colloidal probe technique for measuring the interaction
forces between colloidal particles and air bubbles.
Recently, the AFM bubble probe technique was developed by anchoring an air
bubble on the tipless cantilever, which enabled the direct force measurements between
two air bubbles and between an air bubble and a solid surface.48-54 The measured force
results could be successfully described by a theoretical model based on Reynolds
lubrication theory and augmented Young-Laplace equation by considering the disjoining
pressure and nonlinear bubble deformation, the validity of which was later verified by the
simultaneous measurements of the force and separation using AFM bubble probe combined
with reflection interference contrast microscopy (RICM). The repulsive VDW interaction
was found to inhibit bubble attachment on smooth hydrophilic surfaces (e.g. mica, silica
and gold),53-56 and hydrophobic interaction played a critical role in bubble attachment on
hydrophobized surface.56
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1.5 Objectives
Despite much progress achieved over the past few decades, the fundamental
understanding of the interaction mechanisms at the air/water/mineral interfaces in flotation
still remains incomplete, particularly at the micro- and nano-scale. Therefore, the major
objective of this thesis is to investigate the surface characteristics (i.e. surface heterogeneity,
electrochemical properties and bubble-particle interaction) of sulfide minerals in complex
aqueous media using several complementary experimental techniques, such as AFM force
mapping, electrochemical AFM, and AFM bubble probe, which will help elucidate the
surface interaction mechanisms attributing to the various interfacial phenomena in
mineral flotation. The detailed objectives are as follows.
(1) Probe the nanoscale heterogeneity of surface hydrophobicity and surface
interactions on mineral surface before/after conditioning treatment (i.e. copper activation
and xanthate adsorption) using AFM force mapping, which will provide a basic
understanding of the size and distribution of hydrophobic domains on mineral surfaces as
well as a feasible methodology to modulate the hydrophobic domains to improve the
efficiency of fine particle flotation.
(2) Combine AFM and electrochemical setup to directly measure the evolution of
surface characteristics (i.e. morphological changes and surface interactions) with the
simultaneous interfacial chemical reaction on mineral surface, which will provide useful
information on the electrochemical reaction mechanisms and new insights into the
interaction mechanisms between hydrophilic/hydrophobic surfaces (e.g. gangue particles
of different hydrophobicity) and mineral surfaces with different degrees of
electrochemical oxidation.
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(3) Quantify the interaction forces between air bubbles and mineral surfaces in
aqueous solution to elucidate the bubble attachment mechanisms in mineral flotation.
AFM bubble probe technique together with theoretical modeling will be applied to
investigate the interaction forces, and impacts of hydrodynamic condition, reagent
conditioning, ion concentration and ion type will be studied.
(4) Characterize the morphology of mineral surfaces and their interactions with air
bubbles under the effects of polymer adsorption, which will provide nanoscopic insights into
the role of polymer depressants in the bubble-mineral attachment mechanisms. The
parameters to investigate include polymer concentration, ion concentration, maximum force
load and contact time.

1.6 Structure of the thesis
Chapter 1 introduces the principles and challenges of mineral flotation, the
interactions involved in mineral flotation, and the approach to measure the interaction
forces. The objectives of this thesis are also presented.
Chapter 2 describes the experiment methods which include the preparation of
mineral surfaces and the working principles of experiment techniques.
Chapter 3 demonstrates the approach to probe the nanoscale heterogeneity of
surface hydrophobicity and surface interactions on sphalerite surfaces using AFM force
mapping, which are compared to the water contact angle and three probe liquid methods
based on a statistical average of a relatively large surface area.
Chapter 4 illustrates the approach to measure the evolution of surface
characteristics (i.e. morphological changes and surface interactions) with the
13

simultaneous modulation of interfacial chemical reaction on galena surfaces using ECAFM, with implication on the electrochemical reaction mechanisms and interaction
mechanisms in mineral flotation.
Chapter 5 studies the feasibility of AFM bubble probe technique to measure the
interaction forces between air bubbles and sphalerite surfaces in aqueous solution at the
nanoscale, aiming to understand the bubble attachment mechanisms in mineral flotation.
Chapter 6 investigates the impacts of polymer adsorption on the morphology of
molybdenite surfaces and their interaction with air bubbles at the nanoscale, corresponding
to the bubble-mineral attachment mechanisms.
Chapter 7 presents the major conclusions and original contributions of this thesis.
The suggestions for future work are also provided.
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Chapter 2 Experimental Methods
2.1 Preparation of mineral surfaces
Sphalerite was fractured to obtain the natural cleavage surface that was then glued
onto a freshly cleaved mica surface with the fractured face exposed for testing. To
remove surface oxidation layer, the freshly fractured sphalerite surface was washed in
0.01 M HCl solution for 5 minutes, rinsed by Milli-Q water, and then dried using high
purity nitrogen.1-2 Sphalerite is not sufficiently hydrophobic for spontaneous attachment
to air bubbles in the absence of conditioning treatment; therefore, 0.1 mM CuSO4
solution and 0.5 mM PAX solution were used as activator and collector, respectively, to
enhance the surface hydrophobicity of sphalerite.
Galena was fractured to obtain the natural cleavage surface that was then cleaned
using high purity nitrogen to remove loosely attached galena fragments. The cleaved
galena surface was glued onto a conductive metal disk by silver conductive epoxy to
ensure good electrical contact, and the insulating epoxy was then applied to cover the
conductive metal disk with only the galena surface exposed for electrochemical
experiments.
The natural cleavage surface of molybdenite was obtained by peeling off the top
layers using a sticky tape. Polymer stock solutions with the concentration of 500 ppm
were prepared by dissolving appropriate mass of guar gum in Milli-Q water under stirring
overnight to ensure complete hydration. Solutions of desired concentration (i.e. 1 ppm, 5
ppm, 10 ppm and 50 ppm) were prepared by diluting the stock solution in Milli-Q water
and fixing solution pH at 9. The freshly exfoliated molybdenite basal plane was

21

conditioned in the desired polymer solutions for 30 min, rinsed by Milli-Q water, and
then dried using high-purity nitrogen prior to measurements.

2.2 Surface characterization
A contact angle goniometer (ramé-hart instrument Co., NJ, USA) was used to
measure the static/advancing/receding water contact angle of mineral surfaces using a
sessile drop method. For the same type of sample, at least two different surfaces and three
different positions on each surface were tested, and the average water contact angle was
reported. A water droplet was placed onto the mineral surface through a microsyringe to
determine the static water contact angle with a microscope. As a small dispensation
volume was continuously applied to increase/decrease the droplet volume, the water
contact angle correspondingly increased/decreased with the three-phase contact line
(TPCL) remaining stationary. The contact angle that the water droplet held immediately
before advancing outward/inward is referred to as the advancing/receding contact angle,
and the difference between the advancing contact angle and receding contact angle is
referred to as contact angle hysteresis.
The elemental compositions of mineral surfaces were characterized by cryo-XPS
spectra using an AXIS 165 spectroscopy system (Kratos Analytical Ltd, UK) equipped
with a monochromatized Al Kα X-ray source (hν = 1486.6 eV). The precooled surfaces
(~130 K) were transferred to the analytical chamber when the vacuum in the fast entry
lock was better than 2×10-6 Torr and the temperature in the analytical chamber was kept
at ~130 K. During the measurements, the base pressure in the analytical chamber was
lower than 1×10-9 Torr. The survey scans were collected for binding energy spanning
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from 1100 to 0 eV with analyzer pass energy of 160 eV and a step of 0.4 eV. For high
resolution spectra, the pass energy was 20 eV with a step of 0.1 eV. Surface charging was
compensated by taking the C 1s peak of background hydrocarbon at 284.8 eV as an
internal standard.
A Zetasizer Nano (Malvern Instruments Ltd., United Kingdom) was used to
measure the zeta potential of mineral suspension under different solution conditions. A
MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA) was used to characterize the
height and phase images of mineral surfaces.

2.3 Preparation of AFM bubble probe
The AFM bubble probe was prepared by picking up an air bubble of suitable size
(typically 60-90 μm radius) with a custom-made rectangular silicon cantilever (400×70×2
μm). Prior to the preparation of AFM bubble probe, the glass disk of a fluid cell and
AFM cantilever were hydrophobized following an established method.3-5 Specifically, the
glass disk of the fluid cell was mildly hydrophobized by immersing in 10 mM
octadecyltrichlorosilane (OTS) in toluene for ~10 s to give a water contact angle of 40°60°for bubble immobilization, and AFM cantilevers with a circular gold patch (diameter
65 μm, thickness 30 nm) were strongly hydrophobized by immersing in 10 mM
dodecanethiol in absolute ethanol overnight to provide higher hydrophobicity than the
glass disk for bubble anchoring. The air bubbles were generated and immobilized on the
glass disk by carefully purging air through a custom-made ultra-sharp glass pipette into
aqueous solution. After bubble anchoring on the AFM cantilever, the cantilever-attached
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bubble was positioned over mineral surface and then driven to approach the surface until
a fixed deflection of the cantilever was reached or bubble attachment occurred.
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Chapter 3 Mapping Nanoscale Heterogeneity of
Surface Hydrophobicity on Sphalerite Mineral
3.1 Introduction
Hydrophobic effect plays an important role in a wide range of natural phenomena
and engineering applications such as protein folding,1-2 self-assembly,3-6 and mineral
flotation.7-8 Protein folding is an inherently heterogeneous process in which unfolded
structures are connected into the unique native conformation through microscopic
pathways.9 Most materials exhibit inherently heterogeneous nature with hydrophilic and
hydrophobic compositions. Typically, the hydrophobic moieties of amphiphilic
molecules can induce self-assembly in aqueous medium into structures like micelles and
vesicles via hydrophobic interaction. In froth flotation in minerals engineering, the nonuniform adsorption of collectors on mineral surfaces generally leads to the heterogeneous
distribution of hydrophilic and hydrophobic domains, which has a particularly important
influence on surface interactions of mineral particles. Nevertheless, much attention has
been focused on the average surface wettability based on a statistical average of either a
large number of mineral particles or a large area of mineral surface,10-12 and the basic
understanding of hydrophobicity distribution on mineral surfaces still remains limited,
particularly for the surface interactions on the hydrophilic and hydrophobic domains.
Surface heterogeneity of mineral particles is common in nature from macroscale
to nanoscale, which may arise from the association with other minerals in ore deposits as
well as the crystal defect ranging from missing or misplaced atoms to interstitial impurity
atoms in crystal lattice.13-14 Sulfide minerals are an economically important class of
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minerals, most of which are hydrophilic in nature. Thus, short-chain collectors (e.g.
xanthates) are widely used to enhance the surface hydrophobicity of sulfide minerals. The
chemical heterogeneity of sulfide minerals normally induces non-uniform adsorption of
collectors on mineral surfaces, thereby resulting in the heterogeneous distribution of
hydrophilic and hydrophobic domains. Over the last few decades, much effort has been
made to characterize the adsorption of collectors on mineral surfaces, most of which used
analytic tools such as Fourier transform infrared spectroscopy (FTIR),15-16 X-ray
photoelectron spectroscopy (XPS),17-18 and Raman spectroscopy.19-20 But such surface
characterizations are generally geared towards an understanding of the bonding between
the collectors and minerals, and could not directly provide spatial distribution of adsorbed
xanthates and surface hydrophobicity, particularly at nanoscale.
Time of flight secondary ion mass spectrometry (ToF-SIMS) as a surface
sensitive technique has been successfully applied to detect and map the heterogeneous
distribution of chemical species on mineral surfaces.21-23 Based on quantification of
surface species, the hydrophilic and hydrophobic species in the different stages of mineral
processing (e.g. concentrate and tail streams) were statistically compared,24 and surface
species contributing the most to the hydrophobicity variations (i.e. oxygen, sulfur, and
collector fragment) were statistically correlated to contact angle of mineral surfaces. 25
Scanning electrochemical microscopy (SECM) is another technique used to probe the
variation of faradaic current and surface reactivity as an ultramicroelectrode tip is moved
across the substrate.26 The recent application of SECM technique was able to in situ
monitor the heterogeneous transformation of surface species on sphalerite during
conditioning treatment, revealing that copper activation of sphalerite strongly depends on
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surface heterogeneity which directly impacts the subsequent xanthate adsorption
process.27 However, the relatively low spatial resolution of ToF-SIMS elemental mapping
and SECM imaging limits the identification of hydrophobicity distribution at nanoscale.
Also, ToF-SIMS is not an in situ measurement technique so that surface alteration may
occur during sample preparation.
Atomic force microscopy (AFM) has been extensively used to characterize
surface properties and directly measure intermolecular and surface forces of different
materials at the nanoscale.7-8,
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The developed chemical force microscopy (CFM)

technique enables direct measurements of intermolecular forces and adhesion between
AFM tips and solid surfaces modified with self-assembled monolayers (SAMs) with
well-defined terminal groups such as -CH3, -CH2OH and –COOH as well as biological
surfaces.37-42 Based on the CFM technique, the hydrophobized AFM tips (e.g.
functionalized with -CH3 groups) could be used to quantify the local surface
hydrophobicity on mineral surfaces. To date, the distribution of surface hydrophobicity
and surface interactions of the hydrophilic/hydrophobic domains on mineral surfaces at
the nanoscale, to our knowledge, have not been reported.
In this work, the nanoscale heterogeneity of surface hydrophobicity (viz.
distribution of hydrophilic and hydrophobic domains) on sphalerite mineral surface
before/after treatment with chemical reagents (e.g. copper activation and xanthate
adsorption) was directly mapped using AFM force measurements. The classical
Derjaguin-Landau-Verwey-Overbeek (DLVO) model or extended DLVO model by
including the hydrophobic effect was used to analyze the measured force-separation
curves on different domains. The Derjaguin-Muller-Toporov (DMT) model coupled with
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Van Oss-Chaudhury-Good (VCG) theory was applied to analyze the adhesion measured
during retraction. Cryo-XPS analysis and water contact angle measurements were also
conducted to provide complementary information for a better understanding of chemical
composition and xanthate coverage on sphalerite surface. This work provides useful
information on the heterogeneous distribution of surface hydrophobicity at the nanoscale,
and insights into surface interaction mechanisms of different hydrophobic/hydrophilic
domains of mineral surfaces in flotation process.

3.2 Materials and methods
3.2.1 Materials
Sodium chloride (NaCl, ACS reagent grade), cupric sulfate pentahydrate
(CuSO4·5H2O, ACS reagent grade), diiodomethane (CH2I2, ACS reagent grade), ethylene
glycol (C2H6O2, ACS reagent grade) and glycerol (C3H8O3, ACS reagent grade) were
purchased from Fisher Scientific and used as received without further purification.
Potassium amyl xanthate (PAX, C6H11OS2K, Prospec Chemicals Ltd., Canada) was
purified by adding 100 g of xanthate into 1 L of acetone under stirring at 40°C for several
minutes and then precipitated in ether following an established method.7, 27 Hydrochloric
acid (HCl, ACS reagent grade) and sodium hydroxide (NaOH, ACS reagent grade) were
purchased from Fisher Scientific and used to adjust solution pH. In this work, all the
aqueous solutions were prepared using Milli-Q water (Millipore deionized, 18.2 MΩ·cm
resistivity) and the pH was fixed at 5.
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3.2.2 Preparation of sphalerite surface
Sphalerite (Ward’s Science, NY, USA) was fractured to obtain the natural
cleavage surface which was then glued onto a freshly cleaved mica surface by epoxy with
the fractured face exposed for measurements. The freshly fractured sphalerite surface was
washed in 0.01 M HCl solution for 5 minutes, rinsed by Milli-Q water, and then dried by
high purity nitrogen to remove surface oxidation layer.7
Chemical reagents such as copper sulfate and short-chain xanthate are widely
used as activator and collector, respectively, to enhance the surface hydrophobicity of
sphalerite since sphalerite is not sufficiently hydrophobic for spontaneous bubble
attachment in the absence of activation and collector treatment.43 Herein, sphalerite
surface conditioned in 0.1 mM CuSO4·5H2O solution at pH 5 for 5 minutes and
subsequently in 0.5 mM PAX solution at pH 5 for 5 minutes, was denoted as
“conditioned sphalerite”.

3.2.3 Surface characterization
The elemental compositions of sample surfaces were characterized by cryo-XPS
electron binding energy spectra using an AXIS 165 spectroscopy system (Kratos
Analytical Ltd, UK) equipped with a monochromatized Al Kα X-ray source (hν = 1486.6
eV). The samples precooled at ~130 K were transferred to the analytical chamber as the
vacuum in the fast entry lock was better than 2×10-6 Torr and the temperature in the
analytical chamber was ~130 K. The base pressure in the analytical chamber was lower
than 1×10-9 Torr during the measurements. The survey scans were collected for binding
energy spanning from 1100 to 0 eV with analyzer pass energy of 160 eV and a step of 0.4
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eV. For high resolution spectra, the pass energy was 20 eV with a step of 0.1 eV. Due to
the poor conductivity of measured surfaces, charge neutralization was applied to stabilize
the spectra. Sample charging was compensated by taking the C 1s peak of background
hydrocarbon at 284.8 eV as an internal standard.
A contact angle goniometer (ramé-hart instrument co., NJ, USA) was used to
measure the static/advancing/receding water contact angles on sample surfaces using a
sessile drop method. For each type of surface, at least two sample surfaces and three
different positions on the same surface were tested, and the average water contact angle
was reported. A water droplet of 3 µL was placed onto sample surfaces through a
microsyringe, and the drop shape was captured and analyzed with a microscope to
determine the static water contact angle. Advancing/receding contact angles were
measured as a dispensation volume of 0.25 µL was applied to continuously
increase/decrease the drop volume. The difference between the advancing contact angle
and receding contact angle is taken as contact angle hysteresis.

3.2.4 Adhesion force mapping
The schematic of adhesion force mapping for simultaneously probing the
topographic image and adhesion map of sample surfaces is shown in Figure 3.1. Prior to
adhesion force mapping measurements, gold-coated AFM tips were cleaned by UV/ozone
treatment and then hydrophobized by immersing in 10 mM dodecanethiol in absolute
ethanol overnight. After self-assembly, the prepared AFM tips were rinsed by ethanol to
remove physisorbed thiols and dried using high purity slow-flowing nitrogen. The surface
hydrophobicity of the treated AFM tips was evaluated by measuring the average water
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contact angle on AFM cantilevers, which showed an average water contact angle of ~105°
on thiol-functionalized cantilevers. Adhesion force mapping was performed on sample
surfaces with thiol-functionalized AFM tips in 0.5 M NaCl using an MFP-3D AFM
(Asylum Research, Santa Barbara, CA, USA). By scanning the hydrophobic tip across
sample surfaces using piezoelectric scanners, a two-dimensional array of force curves at
20×20 points (400 consecutive force-separation measurements) were acquired on at least
three different positions of the sample surface with an area of 2×2 µm2 and at least two
sample surfaces of the same type. For each force-separation curve, the tip was driven to
approach and then retract from the surface with constant velocity and loading force. The
deflection of the cantilever was detected through a laser beam that was reflected from the
cantilever into a split photodiode detector, which was further converted to force using the
spring constant and Hooke’s law. The spring constants of the cantilevers were determined
to be 0.1-0.2 N/m using the Hutter and Bechhoefer method.44

3.2.5 Force curve analysis
To interpret the measured AFM force-separation curves on the sample surfaces,
theoretical analysis based on the classical DLVO model or extended DLVO model by
including the hydrophobic effect was applied. As shown in previous report,45 the
pyramidal geometry of AFM tip was reasonably assumed to be conical with a spherical
cap at the apex, and the geometry and parameters used for the theoretical calculations are
illustrated in the inset of Figure 3.1, where  is the geometry angle for spherical cap, R
is the radius of spherical cap, r is the radius of the circle of the tip at a given vertical
position, and D is the distance between the tip end and mineral surface.
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Figure 3.1 The schematic of AFM adhesion force mapping on mineral surface. Inset
figure shows the geometry of conical AFM tip with a spherical cap at the apex, where 
is the geometry angle for spherical cap, R is the radius of spherical cap, r is the radius of
the circle of the tip at a given vertical position, D is the distance between the tip end and
mineral surface.

Adhesion force mapping in this work was conducted in 0.5 M NaCl, so the
contribution of electrical double layer (EDL) interaction is significantly suppressed. The
van der Waals (VDW) interaction between AFM tip and flat substrate FVDW can be given
by

Equation

3.1,
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Hydrophobic interaction FHB was reported to follow an exponential equation as
shown in Equation 3.2,8, 46 where C is a constant (N/m) and D0 is the decay length of
hydrophobic interaction.47
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FHB  CRe D / D0

(3.2)

The geometry of thiol-functionalized AFM tips was determined by JAMP-9500F
Field Emission Auger Microprobe (JEOL, MA, USA) equipped with Schottky field
emitter that produces electron probe diameter of 3-8 nm. Based on the analysis of FESEM images of the tip (illustrated in Figure 3.2) by ImageJ software following an
established method,8,
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the geometry angle for spherical cap  and the radius of the

spherical cap R could be determined. Typical R values ranged from 26 to 32 nm. For a
typical case, R was determined to be ~28.6 nm and  was measured as ~61.2°.

1 µm

0.2 µm

Figure 3.2 Typical FE-SEM images for analysis of the geometry of thiol-functionalized
AFM tips.

3.2.6 Surface energy measurement
The surface energy of samples was determined by three-probe-liquid method.48
Typically, a contact angle goniometer was used to measure the static contact angles of
three probing liquids, including one nonpolar (i.e. diiodomethane) and two polar (i.e.
ethylene glycol and glycerol) liquids, on sample surfaces. Surface energy  with
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Lifshitz-van der Waals  LW and Lewis acid-base  AB (electron acceptor   and electron
donor   ) components can be calculated by a method developed by van Oss et al.
(Equation 3.3).48

   LW   AB   LW  2   

(3.3)

By substituting contact angles of these three types of liquids on the sample
surfaces  L into Equation 3.4, the Lewis acid-base, electron acceptor and electron donor
components of the surfaces can be obtained, where the subscript S or L represents solid or
liquid, respectively.48

 L (cos L  1)  2  SLW  LLW  2  S L  2  S L

(3.4)

3.3 Results and discussion
3.3.1. Cryo-XPS
XPS analysis is a surface sensitive technique that provides the chemical
information of surface species, such as elemental composition and chemical state, with a
depth of a few nanometers. The low temperature (~130 K) of cryo-XPS enables the
detection of volatile species such as elemental sulfur and dixanthogen.8, 49 The S 2p and C
1s binding energy spectra of sphalerite and conditioned sphalerite are compared in Figure
3.3. As shown in Figures 3.3A and 3.3B, sphalerite has only one doublet with S 2p at
161.3 eV that is attributed to the sulfur in zinc sulfide. After conditioning treatment,
another doublet with S 2p at 162.8 eV corresponding to the sulfur in adsorbed collector
species (e.g. chemisorbed xanthate, metal-xanthate or dixanthogen) is detected, in
addition to the doublet of zinc sulfide, which agrees very well with previous reports.49
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In Figure 3.3C, the C 1s spectrum of sphalerite is composed of three peaks at
284.8 eV (C 1s I), 286.5 eV (C 1s II) and 288.5 eV (C 1s III), which arise from
adventitious hydrocarbon contaminations.49 Besides these three peaks, conditioned
sphalerite has the fourth peak at 287.8 eV (C 1s IV in Figure 3.3D) that was reported to
originate from the carbon in adsorbed collector species (e.g. CSS- or dixanthogen).49-51
Therefore, it is evident from XPS spectra that xanthate adsorption during conditioning
treatment has changed the surface chemistry of mineral particles.

Figure 3.3 Cryo-XPS spectra of S 2p for (A) sphalerite and (B) conditioned sphalerite,
and C 1s for (C) sphalerite and (D) conditioned sphalerite.

3.3.2 Contact angle measurements
The average static/advancing/receding water contact angle and contact angle
hysteresis of sphalerite and conditioned sphalerite are shown in Table 3.1. Sphalerite
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surface is relatively hydrophilic with static water contact angle of ~34.5°, while static
water contact angle of conditioned sphalerite surface rises to ~84.6°, suggesting that the
mineral surface becomes much more hydrophobic after conditioning treatment due to the
adsorption of xanthate.43
Table 3.1 The average static/advancing/receding water contact angle and contact
angle hysteresis of sphalerite and conditioned sphalerite
Mineral

Static

Advancing Receding

Hysteresis

sphalerite

34.5°

41.6°

20.5°

21.1°

conditioned

84.6°

86.9°

40.1°

46.8°

sphalerite

The measurement of receding water contact angle could be considered as a
process of water replacement by air at mineral-solution interfaces, which is similar to the
attachment process of air bubble and mineral surface in aqueous solution. Receding water
contact angle of sphalerite surface significantly increases from ~20.5° to ~40.1° after
conditioning treatment, indicating that a decreased ratio of hydrophilic domain on
mineral surface could facilitate the drainage of water-air-solid three-phase contact line
(TPCL). The increased advancing water contact angle from ~41.6°to ~86.9°, on the other
hand, suggests that an increased ratio of hydrophobic domain could hold back the
spreading of TPCL.
Contact angle hysteresis is closely associated with surface roughness and
chemical heterogeneity.52 The sphalerite surface before/after conditioning treatment has a
root-mean-square roughness of ~0.3 nm and ~0.5 nm, respectively. Therefore the
significant rise of contact angle hysteresis from ~21.1° to ~46.8° after conditioning
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treatment is most likely originated from the enhanced chemical heterogeneity. The nonuniform adsorption of xanthate results in the heterogeneous distribution of hydrophilic
domain (without xanthate adsorption) and hydrophobic domain (with xanthate
adsorption). Cassie-Baxter model, a widely used model to predict the apparent water
contact angle of a chemically heterogeneous surface, can be applied to calculate surface
coverage of xanthate on conditioned sphalerite.46 Assuming that the region with xanthate
adsorption accounts for a surface area fraction  , the hydrophobic domain with water
contact angle θHB has a surface area fraction  , and in response, the hydrophilic domain
with water contact angle θHL has a surface area fraction 1-  . The apparent water contact
angle θapparent for the chemically heterogeneous surface of the conditioned sphalerite can
be given by Equation 3.5.46

cos apparent   cos  HB  (1   ) cos HL

(3.5)

where θHL and θapparent are the water contact angles on sphalerite and conditioned
sphalerite with the measured value of 84.6° and 34.5°, respectively. θHB could be
understood as the water contact angle of solid surface fully covered with xanthate. Herein,
gold surface could be approximately considered to be fully covered with xanthate via the
formation of SAMs. By immersing gold-coated mica surface in 0.5 mM PAX solution
overnight after UV/ozone treatment, θHB was measured to be 92.5°, and thereby surface
coverage of xanthate  was calculated to be 84.1%. It is worth noting that contact angle
measurements are based on a statistical average of a large area along water-air-solid
TPCL, which are not able to precisely predict the local surface coverage of xanthate and
distribution of surface hydrophobicity at the nanoscale.
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3.3.3 Adhesion force mapping
The AFM adhesion force mapping, acquired as a two-dimensional array of force
curves in 0.5 M NaCl using the hydrophobic AFM tip, can be demonstrated as a map of
surface adhesion. The topographic images and corresponding adhesion maps of sphalerite
before/after conditioning treatment are shown in Figure 3.4. The morphology and forceseparation curve have been recorded simultaneously at internals of every 100 nm to better
illustrate surface roughness of the 2×2 µm2 region probed by adhesion force mapping.
Adhesion can be significantly affected by surface roughness due to its high dependence
on the contact area between the tip and the substrate.46, 53 As shown in Figures 3.4A and
3.4C, the root-mean-square (rms) roughness of both sphalerite and conditioned sphalerite
surfaces is lower than 0.5 nm, which is much smaller than the radius of the spherical cap
of the tip (~28.6 nm), indicating that nanoscale surface roughness has a negligible
influence on adhesion here. Hence, the measured adhesion is highly related to surface
interactions including VDW interaction, EDL interaction, and possibly hydrophobic
effect. In this work, the NaCl concentration was fixed at 0.5 M, under which the EDL
interaction could be significantly suppressed. It is noted that the contribution of VDW
interaction to the adhesion should not change significantly between the hydrophobic
AFM tip and sphalerite surface before/after conditioning treatment since the adsorbed
xanthate layer is very thin (~1 nm).7 Therefore, the variation of adhesion should be most
likely contributed by “hydrophobic” attraction. Generally, the adhesion of the
hydrophobic AFM tip on hydrophobic domain is much stronger than that on hydrophilic
domain due to the hydrophobic effect.
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In Figures 3.4B and 3.4D, the bright region of adhesion maps that is assigned to
high adhesion corresponds to hydrophobic domain, while the dark region that is assigned
to low adhesion corresponds to hydrophilic domain. The adhesion map of sphalerite
surface in Figure 3.4B shows very weak adhesion over the scanned region, indicating that
sphalerite has a hydrophilic surface with a homogeneous surface hydrophobicity. After
conditioning treatment, the bright and dark regions of the adhesion map are unevenly
distributed as shown in Figure 3.4D, suggesting that conditioned sphalerite becomes
partially hydrophobic with a heterogeneous pattern due to non-uniform adsorption of
xanthate.

A

B

C

D

Figure 3.4 Topographic image (A) and corresponding adhesion map (B) of sphalerite
surface, and topographic image (C) and corresponding adhesion map (D) of conditioned
sphalerite surface.
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Figure 3.5 shows the histograms of measured adhesion Fadh/R and the fitted
Gaussian distributions (solid curve) of sphalerite before/after conditioning treatment. The
adhesion distribution of sphalerite surface in Figure 3.5A falls in a very narrow range
between 0 and 30 mN/m with the fitted peak centered at 16.4 mN/m. After conditioning
treatment, the range of adhesion distribution is extended to 0-120 mN/m with two fitted
peaks respectively centered at 15.5 mN/m and 58.1 mN/m in Figure 3.5B. It is evident
that the hydrophobicity of mineral surface changes from homogeneous state to
heterogeneous distribution after conditioning treatment due to non-uniform adsorption of
xanthate. The small peak centered at 15.5 mN/m of conditioned sphalerite exhibits a
narrow range from 0 to 30 nN (Figure 3.5B), which is comparable to the case of
sphalerite in Figure 3.5A, indicating the hydrophilic domain. In contrast, the large peak
centered at 58.1 mN/m exhibits a wide range from 30 to 120 nN, suggesting the
hydrophobic domain. Therefore, conditioning treatment could change the chemical
characteristics of mineral surface by keeping some domains unchanged while turning
other domains to different degrees of hydrophobicity.
According to the fitted Gaussian distributions, surface area of hydrophobic
domain, also referring to surface coverage of xanthate, accounts for around 88.9%. As
compared to the coverage (84.1% xanthate coverage) based on contact angle
measurements, the results from the two types of measurements are very close, while the
adhesion force mapping provides more precise information on the local characteristics at
the nanoscale rather than a statistical average of a relatively large surface area.
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B

Figure 3.5 The histograms of measured adhesion Fadh/R and the fitted Gaussian
distributions (solid curve) of (A) sphalerite and (B) conditioned sphalerite.

Figure 3.6 shows the measured forces (open symbols) and theoretical calculations
(red curve) between the thiol-functionalized gold (thiol/Au) tip and sphalerite surface in
0.5 M NaCl. The measured forces show an attraction at a separation distance of ~6 nm
during approach. As mentioned above, the EDL interaction is negligible in concentrated
salt solution. The monolayer self-assembled on gold tip and xanthate layer adsorbed on
sphalerite surface are very thin (1-2 nm), and their effect on the VDW interaction
between the gold tip and sphalerite surface could be neglected at separation D > 3 nm.8, 46,
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The Hamaker constant for Au-water-ZnS (sphalerite) is calculated to be 8.9×10-20 J,

based on which the calculations using the classical DLVO theory agree well with the
measured forces in Figure 3.6.46, 55 The discrepancy at separation distance below 2 nm is
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mainly arising from the effects of surface roughness and hydration of the untreated
sphalerite surface.29, 46

Figure 3.6 Interaction force between the hydrophobic AFM tip and sphalerite surface in
0.5 M NaCl. Experiment results are shown in open symbols, and theoretical calculations
based on the classical DLVO model are shown in red curve.

Figure 3.7 shows the interaction between the thiol/Au tip and different domains
(I, II, III, and IV) on conditioned sphalerite in 0.5 M NaCl. The domain I, II, III, and
IV are denoted for the adhesion regions of Fad/R ~ 10-20 mN/m, 40-50 mN/m, 70-80
mN/m and 100-110 mN/m, respectively. As illustrated in Figure 3.7A, the measured
forces on domain I show the same attraction behavior as the sphalerite case (Figure 3.6),
which are consistent with the calculations based on the classical DLVO theory (red
curve). It is evident from Figures 3.7B, 3.7C and 3.7D that the measured attraction (open
symbols) is much stronger than that contributed by the VDW interaction (red curve) for
domains II, III, and IV. Thus, the additional attraction should arise from the hydrophobic
interaction, which is incorporated into the extended DLVO model (green curve) to fit the
measured forces. The theoretically fitted results show that the decay length D0 of
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hydrophobic interaction increases from 0.7 nm for domain II to 1.0 nm for domain III and
1.2 nm for domain IV, which coincides with the enhanced adhesion.

A

B

C

D

Figure 3.7 Interaction forces between the hydrophobic AFM tip and different domains
(i.e. domain I, II, III, and IV) of conditioned sphalerite in 0.5 M NaCl. Experiment results
are shown in open symbols, and theoretical calculations based on the classical DLVO
model and extended DLVO model including the hydrophobic effect are shown in red
curve and green curve, respectively.

Therefore, it is clear from the above results that hydrophobic interaction could not
be detected between the hydrophobic tip and hydrophilic sphalerite. The non-uniform
adsorption of xanthate during conditioning treatment of sphalerite results in the
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heterogeneous force characteristics by keeping some surface domains (e.g. domain I)
unchanged while endowing other domains (e.g. domains II, III, IV) different degrees of
hydrophobicity.

3.3.4 Adhesion energy
The surface energies of thiol/Au, sphalerite and conditioned sphalerite were
determined by measuring the static contact angles of diiodomethane, glycerol and
ethylene glycol on these solid surfaces. As shown in Table 3.2, the surface energies of
thiol/Au, sphalerite and conditioned sphalerite were determined to be 16.7, 49.7 and 48.4
mJ/m2, respectively. The adhesion energy, or work of adhesion per unit area Wadh for
thiol/Au-water-mineral was calculated to be 3.5 mJ/m2 for sphalerite and 11.6 mJ/m2 for
conditioned sphalerite based on Equation 3.6.48
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The adhesion Fadh/R for two flat surfaces is correlated to the work of adhesion
Wadh by the DMT model given by Equation 3.7.46 Based on the Wadh values obtained from
three probe liquid method, the adhesion Fadh/R is predicted to be 22.1 mN/m for
sphalerite and 72.6 mN/m for conditioned sphalerite, both of which fall into the range of
measured adhesion of sphalerite and conditioned sphalerite in Figure 3.5.

Wadh  

1
Fadh / R
2

(3.7)
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Table 3.2 Surface energy  with Lifshitz-van der Waals  LW and Lewis acid-base

 AB (electron acceptor   and electron donor   ) components for different
substrates, mJ/m2
Substrate

 LW





 AB



thiol/Au

16.54

0.01

0.73

0.16

16.7

sphalerite

45.46

0.06

72.41

4.23

49.7

conditioned

39.15

0.39

54.70

9.23

48.4

sphalerite

3.4 Conclusions
Surface heterogeneity has an important influence on a wide range of engineering
applications, such as mineral froth flotation. In this work, using sphalerite as a model
mineral, the nanoscale heterogeneity of surface hydrophobicity and surface interactions
on mineral surface before/after conditioning treatment were probed using AFM force
mapping, which reveals that the adhesion on sphalerite falls in a narrow range with a
peak centered at 16.4 mN/m, and the adhesion on conditioned sphalerite (activated by
copper sulfate and then treated by ethyl xanthate) falls in a wide range with a small peak
centered at 15.5 mN/m and a large peak centered at 58.1 mN/m. It is clear that the
conditioning treatment changed the chemical characteristics of mineral surface by
keeping some domains unchanged while endowing other domains different degrees of
hydrophobicity due to non-uniform adsorption of xanthate. The interaction forces
between a hydrophobic thiol-functionalized AFM tip and the hydrophobic domains on
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conditioned sphalerite showed “jump-in” behavior during approach which could not be
well described by the classical DLVO model but could be well fitted by the extended
DLVO theory by including the hydrophobic effect. The decay length of hydrophobic
interaction was found to vary from 0.7 to 1.2 nm on the different hydrophobic domains,
indicating enhanced hydrophobic attraction. This work provides a useful methodology to
investigate the nanoscale heterogeneity of surface hydrophobicity and surface interaction
mechanisms on different domains of solid mineral surface, which can be extended to
many other inherently heterogeneous surfaces and processes such as protein folding and
self-assembly of block copolymers.
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Chapter 4 Probing Surface Interactions of
Electrochemically Active Galena Mineral Surface using
Atomic Force Microscopy
4.1 Introduction
The colloidal stability governed by various surface interactions including van der
Waals (VDW) interaction, electrical double layer (EDL) interaction, hydrophobic
interaction, and some other interactions, plays an important role in a wide range of
interfacial processes such as catalysis,1-2 energy storage,3-4 and froth flotation.5-6
Interfacial electrochemical processes can change the physical

and chemical

characteristics of the solid/water interface, and in certain cases could pose challenging
issues such as nanoparticle aggregation that limits the performance and durability of
electrocatalysis and electrochemical energy storage.7-8 The electrochemical oxidation of
mineral surface is particularly important in froth flotation, where the formed hydrophobic
species during the electrochemical process can effectively enhance the attachment
efficiency of mineral particles to air bubbles but adversely cause clay slime coating on
mineral surfaces.9-10 Consequently, a fundamental understanding of the interfacial
properties and surface interaction mechanisms of mineral surfaces during the associated
electrochemical process in froth flotation is critical to modulate the interactions and
optimize the processing conditions towards the development of more cost-effective and
environment-friendly flotation technology.
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Over the last few decades, much effort and significant progress have been made
on the reaction mechanisms and characterizations of products associated with the
interfacial electrochemical processes of sulfide minerals in mineral processing. Different
surface analytical tools such as X-ray photoelectron spectroscopy (XPS),11-12 Raman
spectroscopy,13-14 Fourier transform infrared spectroscopy (FTIR),15-16 and Time-of-flight
secondary ion mass spectrometry (ToF-SIMS)17-18 have been used to characterize the
surface chemical compositions of electrochemically oxidized sulfide minerals. It is
widely accepted that hydrophobic sulfur-rich species are generally formed after mild
electrochemical oxidation of sulfide minerals, which may consist of elemental sulfur (S0),
metal-deficient sulfides (M1-xS), and polysulfides (Sn2-) based on solution conditions (e.g.
solution pH and electrochemical potential).11-20 Nevertheless, many of these conventional
techniques are not able to characterize the mineral surfaces in situ during the
electrochemical processes, which may result in change of surface properties after longterm exposure to air or aqueous solution. Moreover, the relatively low spatial resolution
limits the characterization of electrochemically active mineral surfaces at the atomic level
and nanoscale.
Surface forces apparatus (SFA) and atomic force microscopy (AFM) have been
extensively employed to characterize the surface properties and directly measure different
intermolecular and surface forces at the nanoscale.21-34 Combined with the
electrochemical setup, SFA and AFM have realized the simultaneous measurements of
surface properties and forces during electrochemical processes.35-37 Valtiner et al.35
applied an electrochemical surface forces apparatus (EC-SFA) to measure the thickness
of anodic oxide layer on gold surfaces and the forces between the oxide layer and APTES
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coated mica surface at high electrochemical potentials. In the studies by Wittstock et al.36
and Hampton et al.,37 the morphological changes of potentiostatically oxidized galena
surface were monitored in acetate buffer at pH 4-5 using the electrochemical atomic force
microscopy (EC-AFM), which showed that surface oxidation was observed at a lower
electrochemical potential and the surface became considerably rougher with the increase
of the applied potential. Preferential deposition of oxidation products at impurities and
crystal defects was found by Hampton et al.,37 while such preferential formation was not
observed in the work by Wittstock et al.,36 which makes it difficult to draw a general
conclusion about the surface oxidation mechanisms of sulfide minerals. Herein, the
combined capabilities of EC-AFM to control the interfacial chemical reaction and
simultaneously probe the evolution of morphological changes and surface forces facilitate
direct characterization of the surface properties of electrochemically active mineral
surface at the nanoscale, which, to our knowledge, has not been reported.
The conductive AFM as a current-sensing technique has been widely applied in
the characterization of conductive polymers and nanomaterials,38-39 dielectric and
ferroelectric films,40-41 and biomaterials42 to map the electrical conductivity. The current
distribution on electrochemically active mineral surface and the current variation with
changing the electrochemical potential respectively indicate if the electrochemical redox
reactions are homogeneous over the surface and if the oxidation products are formed on
the surface. Thus, conductive AFM coupled with the measurements such as water contact
angle and surface chemistry analysis using cryo-XPS can provide useful and
complementary information on the physical and chemical characteristics of
electrochemically active mineral surfaces.
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In this work, galena (natural mineral form of lead sulfide) was chosen as a model
sulfide mineral which has semi-metallic conductivity and perfect cubic cleavage. Galena
is a semiconductor material with a small band gap of about 0.4 eV, and galena crystal
with a face-centered cubic structure can be easily cleaved along the (100) crystal plane,
which allows the preparation of conductive mineral surface with molecular-scale
roughness.36 The EC-AFM was employed, for the first time, to probe the morphological
changes and surface forces on galena mineral surface potentiostatically treated at various
electrochemical

potentials

in

aqueous

solution.

The

extended

Derjaguin−Landau−Verwey−Overbeek (DLVO) theory by including the effect of
hydrophobic interaction was applied to interpret the measured forces between
hydrophilic/hydrophobic AFM tip and galena surface under varying potential. Water
contact angle measurements, cryo-XPS analysis, and conductive AFM characterizations
were also conducted to provide complementary information for a better understanding of
the physical and chemical characteristics of galena surface. This work provides useful
information on the electrochemical reaction mechanisms and related products of
electrochemically polarized mineral surface, and new insights into the surface interaction
mechanisms between hydrophilic/hydrophobic surfaces (e.g. gangue particles of different
hydrophobicity) and mineral surfaces with different degrees of electrochemical oxidation.

4.2 Materials and methods
4.2.1 Materials
Sodium chloride (NaCl, ACS reagent grade, Fisher Scientific), sulfuric acid
(H2SO4, 95-98%, ACS reagent grade, Fisher Scientific), hydrogen peroxide (H2O2, 30%
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w/w in water, ACS reagent grade, Fisher Scientific), octadecyltrichlorosilane (OTS,
C18H37Cl3Si, 95%, ACROS organics), hexane (C6H14, ACS reagent grade, Fisher
Scientific), and chloroform (CHCl3, ACS reagent grade, Fisher Scientific) were used as
received without further purification. The electrolyte solution (i.e. 0.5 M NaCl) was
prepared using Milli-Q water (Millipore deionized, 18.2 MΩ·cm resistivity) and the
solution pH was measured to be 5.6. In this work, the NaCl concentration was fixed at 0.5
M, under which the EDL could be significantly compressed, to investigate the effects of
other factors (e.g. electrochemical treatment). Meanwhile, water of high salinity has
attracted tremendous interest in mineral industry due to the shortage of fresh water
sources available.
Galena (Ward’s Science, NY, USA) was fractured to obtain the natural cleavage
surface that was then cleaned using high purity nitrogen to remove loosely attached
galena fragments. The cleaved galena surface was glued onto a conductive metal disk by
silver conductive epoxy to ensure good electrical contact, and the insulating epoxy was
then applied to cover the conductive metal disk with only the galena surface exposed for
electrochemical experiments. The prepared galena working electrode was immediately
transferred into the electrochemical cell for electrochemical experiments.

4.2.2 Electrochemical experiments
Electrochemical experiments were performed on the prepared galena working
electrode in 0.5 M NaCl using the electrochemical cell of MFP-3D AFM (Asylum
Research, Santa Barbara, CA, USA) coupled with a CHI 920c Scanning Electrochemical
Microscope (CH Instruments, Inc., TX, USA). The three electrode cell was constructed
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by using a carbon electrode as the counter electrode and an Ag/AgCl/3.4 M KCl
microelectrode as the reference electrode (0.206 V vs standard hydrogen electrode
(SHE)). All potentials quoted in this work were referred to the Ag/AgCl/3.4 M KCl
reference electrode unless otherwise specified.
Cyclic Voltammetry (CV) was initiated at the open circuit potential (OCP) of 0.02
V at a potential sweep rate of 0.02 V/s in the negative direction with the cathodic limit of
-0.7 V and the anodic limit of 0.45 V. To potentiostatically control the interfacial
chemical reaction, a series of successive potentials (i.e. -0.7, -0.3, 0, 0.1, 0.2, 0.3 and 0.45
V) were respectively held for 20 s on galena surface, which was then subjected to various
surface characterizations.

4.2.3 Electrochemical atomic force microscopy (EC-AFM)

A

B

1 µm
0.2 µm

Figure 4.1 (A) The schematic of EC-AFM for the topographic imaging and force
measurements on galena mineral surface during a typical electrochemical AFM
experiment. Inset figure shows the geometry of conical AFM tip with a spherical cap at
the apex, where  is the geometry angle for spherical cap, R is the radius of spherical
cap, r is the radius of the circle of the tip at a given vertical position, D is the distance
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between the tip end and galena surface, and L is the distance between a differential
surface section of the tip and galena surface. (B) Typical FE-SEM images for analysis of
the geometry of AFM tips.

The schematic of EC-AFM for controlling the interfacial chemical reaction and
simultaneously probing the evolution of surface characteristics such as morphological
changes and surface forces is shown in Figure 4.1A. After each electrochemical potential
was applied on galena surface for 20 s, the AFM probe was immediately used to image
the surface topography and measure the forces.
The in situ evolution of morphology and roughness of galena surface at different
electrochemical potentials in 0.5 M NaCl was characterized with a silicon nitride AFM
tip in contact mode. The force measurements were performed on at least ten different
positions of the sample surface and at least two samples surfaces under the same
experimental condition with hydrophilic silicon nitride AFM tip or hydrophobic OTS
functionalized AFM tip at different electrochemical potentials in 0.5 M NaCl. The OTS
hydrophobized AFM tips were prepared by immersing silicon nitride AFM tips in a
freshly prepared piranha solution for 30 min and then in 2 mM OTS in a mixture of
hexane/chloroform (4:1 vol/vol) overnight following an established method.43 The
prepared OTS hydrophobized AFM tips were rinsed by chloroform and dried using high
purity nitrogen prior to the force measurements. The surface hydrophobicity of AFM tips
was evaluated by measuring the average water contact angle on AFM cantilever, which
showed the wetting behavior of silicon nitride cantilevers and the average water contact
angle of ~95°on OTS hydrophobized cantilevers. During the force measurements, the tip
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was driven to approach and then retract from the surface with constant velocity and
loading force. The deflection of the cantilever was detected through a laser beam that was
reflected from the cantilever to a split photodiode detector, which was further converted
to force using the spring constant and Hooke’s law. The spring constants of the
cantilevers were determined to be 0.1-0.2 N/m using the Hutter and Bechhoefer method.44

4.2.4 Surface characterization
Galena surface was first potentiostatically treated by the electrochemical setup in
Figure 4.1A and then used to characterize surface wettability through water contact angle
measurements, elemental composition by cryo-XPS analysis and current distribution
using conductive AFM.
A contact angle goniometer (ramé-hart instrument Co., NJ, USA) was used to
measure the static water contact angle on potentiostatically treated galena surface using a
sessile drop method. For each type of surface, at least three different positions on the
same surface and two sample surfaces were tested, and the average water contact angle
was reported.
The elemental compositions of sample surfaces were characterized by cryo-XPS
spectra using an AXIS 165 spectroscopy system (Kratos Analytical Ltd, UK) equipped
with a monochromatized Al Kα X-ray source (hν = 1486.6 eV). The samples were
precooled to ~130 K and then transferred to the analytical chamber when the vacuum in
the fast entry lock was better than 2×10-6 Torr, and the temperature in the analytical
chamber was kept at ~130 K. The base pressure in the analytical chamber was lower than
1×10-9 Torr during the measurements. The survey scans were collected for binding
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energy spanning from 1100 to 0 eV with analyzer pass energy of 160 eV and a step of 0.4
eV. For high resolution spectra, the pass energy was 20 eV with a step of 0.1 eV. Sample
charging was compensated by taking the C 1s peak of background hydrocarbon at 284.8
eV as an internal standard.
Conductive AFM was performed on potentiostatically treated galena surface with
a conductive probe to obtain the topographic image simultaneously with the local current
map in air. The conductive AFM equipped with the extended TUNA module provides
extremely sensitive current detection in the pA range.

4.2.5 Force curve analysis
To interpret the measured forces between AFM tip and solid mineral surface,
theoretical analysis was conducted based on the extended DLVO model by including the
effect of hydrophobic interaction. Herein, as shown in previous study,45 the pyramidal
geometry of AFM tip was reasonably assumed to be conical with a spherical cap at the
apex, and the geometry and parameters used for the theoretical calculations are illustrated
in Figure 4.1A. The geometry of AFM tips was determined by JAMP-9500F Field
Emission Auger Microprobe (JEOL, MA, USA) equipped with Schottky field emitter.
Based on the analysis of FE-SEM images of the tip (illustrated in Figure 4.1B) by ImageJ
software following an established method,35, 51-52 the radius of spherical cap R and the
geometry angle for spherical cap  could be determined. Typical R values ranged from
28 to 35 nm. For a typical case, R was determined to be ~30.6 nm, and  was measured
as ~60.8°.
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In this work, the force measurements were conducted in concentrated salt solution
(i.e. 0.5 M NaCl), of which the contribution of EDL force is significantly suppressed. The
VDW force between AFM tip and flat substrate FVDW can be given by Equation 4.1,
where AH is the non-retarded Hamaker constant and L1  D  R(1  cos  ) .45
FVDW 

AH  R  D  2 L1 R  D 



6 
L12
D2 

AH  1 R sin  tan   D  R(1  cos  ) 

 

3 tan 2   L1
2 L12


(4.1)

Hydrophobic force FHB was reported to follow an exponential equation (Equation
4.2),24 where D0 is the decay length of hydrophobic interaction and C is a constant
(N/m).30, 46-47

FHB  CRe D / D0

(4.2)

4.3 Results and discussion
4.3.1 Cyclic voltammetry (CV)
The typical CV curve of the prepared galena working electrode in 0.5 M NaCl is
shown in Figure 4.2. The potential swept from the OCP of 0.02 V (0.226 V vs SHE)
towards the negative direction with the cathodic limit of -0.7 V and the anodic limit of
0.45 V. The observed redox peaks (marked as peaks 1, 2 and 3) in Figure 4.2 agree well
with previous reports.36-37
The cathodic reaction at -0.563 V (illustrated as peak 1) is due to the reduction of
elemental sulfur to lead sulfide. The anodic reaction at 0.45 V (indicated as peak 3) is the
reverse of the cathodic reaction, which arises from the formation of elemental sulfur and
the solvation of lead ions (Equation 4.3).
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S  Pb2  2e  PbS

(4.3)

It was reported that the oxidation of galena to metal-deficient lead sulfide can be
observed at the potential of ~0.2 V vs SHE or at the OCP in aerated solutions, probably
due to the slow oxidation rate at the OCP that allows lead ions to migrate from bulk
galena to the surface and compensate for the lead vacancies.36, 48-49 In Figure 4.2, the
anodic reaction shown as peak 2 occurs at the potential of -0.029 V (0.177 V vs SHE),
which is close to the potentials to form metal-deficient lead sulfide. Thus, the anodic
oxidation at peak 2 is believed to originate from the formation of metal-deficient lead
sulfide and the reaction can be given in Equation 4.4.
PbS  Pb1 x S  xPb2  2 xe

(4.4)

Figure 4.2 CV curve of galena surface in 0.5 M NaCl at a potential sweep rate of 0.02
V/s.

4.3.2 Contact angle measurements
Figure 4.3 shows the static water contact angles on galena surfaces
potentiostatically treated at different electrochemical potentials. Galena surface is slightly
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hydrophobic with a water contact angle of ~48°at -0.7 V, which is consistent with the
reported water contact angle of 48°-52° on galena surface.50 As the applied potential
increased to -0.3 V, the water contact angle rose to ~54°, which suggested that galena
surface might have been slightly oxidized. With the potential increasing to 0 V, the water
contact angle dramatically rose to ~79°, indicating that galena surface has been
moderately oxidized to form a hydrophobic sulfur-rich layer, which agrees well with the
anodic oxidation of peak 2 in CV curve (Figure 4.2). The hydrophobic sulfur-rich layer
formed at 0 V is believed to be composed of metal-deficient lead sulfide. The continuous
rise of potential to 0.3 V and 0.45 V slightly increased the water contact angle to ~82°
and ~84°, respectively, revealing that metal-deficient lead sulfide formed at 0 V is a
compact layer and elemental sulfur formed within the metal-deficient lead sulfide layer at
higher potentials does not significantly change surface hydrophobicity.

Figure 4.3 Static water contact angle on galena surface as a function of electrochemical
potential.
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4.3.3 In situ topographic imaging

A

B

C

D

E

Figure 4.4 AFM topographic images (5×5 μm2) of galena surface at the electrochemical
potential of (A) -0.7 V, (B) -0.3 V, (C) 0 V, (D) 0.3 V, and (E) 0.45 V for 20 s in 0.5 M
NaCl.
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The AFM topographic images of galena surfaces potentiostacially treated at
different electrochemical potentials in 0.5 M NaCl are shown in Figure 4.4. All the
images have been scanned at the same 5×5 μm2 region to better illustrate the
morphological variation with the electrochemical potential. Galena can be readily cleaved
to generate a molecularly smooth surface with a face-centered cubic structure, and AFM
images in Figure 4.4 show that the cleavage steps divide the 5×5 μm2 region to a number
of small square regions of different sizes.
Figures 4.4A and 4.4B show a freshly cleaved galena surface at -0.7 V and -0.3 V,
respectively, with root-mean-square (rms) roughness of 1.18 nm. With increasing the
potential from -0.7 V to -0.3 V, the surface morphology had negligible variation. As the
applied potential increased to 0 V, the surface morphology changed as shown in Figure
4.4C with rms roughness increased slightly to 1.22 nm, which coincided with the anodic
oxidation at peak 2 in CV curve (Figure 4.2). The changes in morphology and chemical
compositions contributed to the significantly increased water contact angle at this
potential (Figure 4.3). The morphology change and increased surface roughness of galena
surface at 0 V (0.206 V vs SHE) here agree with a previous study reported by Hampton et
al.37 that the appearance of raised domains and increased surface roughness were
observed on galena surface at a potential of 0.258 V (vs SHE).
The continuous increase of potential to 0.3 V and 0.45 V led to significant surface
oxidation and thereby more pronounced surface roughening could be observed, as shown
in Figures 4.4D and 4.4E, respectively. The rms roughness was determined to be 1.28 nm
at 0.3 V and 1.48 nm at 0.45 V. Hampton et al.37 proposed that electrochemical oxidation
of galena surface is a two-step process involving releasing sulfur to the solution and
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depositing sulfur on favorable sites, based on the observation that the raised domains (< 8
nm in height) were heterogeneously distributed on galena surface. However, in this work,
it is evident that the oxidation occurs more homogeneously across the galena surface. It is
worthy noticing that the rms roughness of the galena surface cleaved by Hampton et al.37
was ~5 nm, which is dramatically higher than the galena surface with the rms roughness
of only ~1 nm in this work. Therefore, it is very likely that the heterogeneous distribution
of surface defects and cleavage steps enables the more heterogeneous aggregation of
oxidation products in the previous study by Hampton et al.37
It is evident from Figures 4.2 to 4.4 that the CV curve, water contact angle and
surface morphology measurements show excellent agreement as electrochemical
potential increases from -0.7 V to 0.45 V. Electrochemical treatment under potential of 0
V, that is close to the anodic oxidation of peak 2 in CV curve (Figure 4.2), resulted in
significant rise of water contact angle and slight surface roughening due to the formation
of a uniform layer of hydrophobic metal-deficient lead sulfide. Electrochemical treatment
under potential of 0.45 V, corresponding to the anodic oxidation of peak 3 in CV curve
(Figure 4.2), led to slight rise of water contact angle but more pronounced surface
roughening which could be likely due to the continuous generation of elemental sulfur in
the metal-deficient lead sulfide layer.

4.3.4 Cryo-XPS and conductive AFM
Cryo-XPS and conductive AFM were employed to investigate the elemental
composition and current distribution of potentiostatically treated galena surfaces at
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typical potential of -0.7 V, 0 V and 0.45 V to further understand the electrochemical
reaction mechanisms and related products on galena surfaces.

Figure 4.5 XPS spectra of S 2p for potentiostatically treated galena surfaces at
electrochemical potential of -0.7 V, 0 V and 0.45 V.

The low temperature ~130 K of cryo-XPS enables the detection of volatile species
such as elemental sulfur. The S 2p spectra of potentiostatically treated galena surface at 0.7 V, 0 V and 0.3 V are compared in Figure 4.5. Galena surface at -0.7 V had only one
doublet with S 2p at 160.5 eV that is attributed to the sulfur in lead sulfide. As the applied
potential increased to 0 V, a similar doublet at 160.6 eV was found while the metaldeficient lead sulfide was not observed most likely because the formation of thin layer of
metal-deficient lead sulfide (much less than 1 nm based on the morphological variation)
was not significant under such electrochemical treatment, which was not easily detected
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by XPS. At 0.45 V, another doublet with S 2p at 163.7 eV corresponding to the elemental
sulfur was detected, in addition to the doublet of lead sulfide, which agrees very well with
previous reports.36-37 It is worth noting that the doublet at 163.7 eV was not detected by
regular XPS analysis at ambient temperature, which further confirms the formation of
elemental sulfur as elemental sulfur is unstable in ultrahigh vacuum at ambient
temperature. Therefore, the oxidation product at the potential of 0.45 V is mainly
elemental sulfur, but the presence of metal-deficient lead sulfide or polysulfides cannot
be ruled out.
The typical topographic images and corresponding current distributions of
potentiostatically treated galena surface at -0.7 V, 0 V and 0.3 V are shown in Figures
4.6A, 4.6B and 4.6C, respectively, which were obtained at the same region to illustrate
the variation of current distribution with the electrochemical potential. At -0.7 V, the
surface composition is lead sulfide as confirmed by cryo-XPS in Figure 4.5. It is well
known that lead sulfide is a semiconductor material with a small band gap of about 0.4
eV,36 so there would be a current flow between the conductive tip and galena surface. It is
worth noting that the higher current in certain locations on the surface is due to the deep
cleavage steps (as also reflected in the corresponding topographic images in Figure 4.6)
that enhance the electrical contact area between the conductive tip and galena surface.
The current strength decreased with increasing the potential from -0.7 V to 0 V and 0.45
V, suggesting that the increased thickness of sulfur-rich layer due to oxidation with poor
electrical conductivity limited the current flow. With the solvation of lead ions under the
applied potential of 0 V, sulfur atoms would still occupy their original lattice positions,
leading to the formation of compact metal-deficient lead sulfide layer. Due to the reduced
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content of lead atoms in the lattice, the electric conductivity decreased. With the applied
potential increasing to 0.45 V, the nonconductive elemental sulfur formed within the
metal-deficient lead sulfide layer, thereby further decreasing the electric conductivity.
The uniform current distribution images obtained by conductive AFM over the surface at
each potential indicate homogeneous electrochemical reactions, which is consistent with
the topographic imaging results in Figures 4.4 and 4.6.

A

B

C

Figure 4.6 The topographic images and corresponding current distributions (2×2 μm2) of
potentiostatically treated galena surface at the electrochemical potential of (A) -0.7 V, (B)
0 V and (C) 0.45 V.

4.3.5 AFM force measurements
Figure 4.7 shows the interaction force profile between silicon nitride AFM tip and
galena surface potentiostatically treated at various electrochemical potentials in 0.5 M
NaCl. The wetting behavior of water on silicon nitride cantilevers indicates that the
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silicon nitride cantilevers are hydrophilic with a water contact angle less than 5°. In
concentrated salt solution, the EDL is significantly suppressed and EDL force is
negligible. Hence, the hydrophilic AFM tip-galena surface interaction is governed by
VDW force. The Hamaker constant for Si3N4-water-PbS was calculated as 6.3×10-20 J
which was used to analyze the measured forces between silicon nitride tip and galena
surface.27, 53-55 The measured force curves at electrochemical potential ranging from -0.7
V to 0.45 V (open symbols) almost overlap and show the same attraction at a separation
distance of ~6 nm during approach, which agree well with the calculations based on the
classical DLVO theory (red curve), indicating that the effect of thin sulfur-rich oxidation
layer on VDW interaction between hydrophilic silicon nitride tip and galena surface can
be neglected. The discrepancy at separation distance below 2 nm is mainly due to the
effects of surface roughness and hydration.21, 28

Figure 4.7 The interaction force F (left axis) between silicon nitride AFM tip and galena
surface potentiostatically treated at various electrochemical potentials in 0.5 M NaCl and
the corresponding interaction energy (W) per unit area between two flat surfaces (right axis)
given by W= F/2πR as a function of separation distance (D). The inset shows zoomed-in view
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at short separation. Experiment results are shown in open symbols, and DLVO
calculations are shown in red curve.

A

B

C

D

E

Figure 4.8 The interaction force F (left axis) between the hydrophobic OTS modified tip
and galena surface potentiostatically treated at the electrochemical potential of (A) -0.7 V,
(B) -0.3 V, (C) 0 V, (D) 0.3 V, and (E) 0.45 V in 0.5 M NaCl, and the corresponding
interaction energy (W) per unit area between two flat surfaces (right axis) given by W= F/2πR
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as a function of separation distance (D). The inset shows zoomed-in view at short separation.

Experiment results are shown in open symbols, and theoretical calculations based on
VDW interaction and the extended DLVO model including the effect of hydrophobic
interaction (HB) are shown in green curves and red curves, respectively.

Figure 4.8 shows the interaction between OTS functionalized AFM tip and galena
surface potentiostatically treated at various electrochemical potentials in 0.5 M NaCl. As
illustrated in Figure 4.8A, the hydrophobic tip jumped into contact with galena surface at
a separation distance of ~6.2 nm during approach at -0.7 V. The coated OTS layer was
very thin (1-2 nm as reported previously), and the effect of OTS layer on VDW
interaction could be neglected at separation larger than 3 nm.31, 51 It is evident that the
measured attraction (open symbols) is much stronger than that contributed by the VDW
interaction (green curve). Therefore, the attractive interaction that led to the “jump-in”
behavior should arise from the hydrophobic interaction. By fitting the measured force
profile with the extended DLVO theory by including the effect of hydrophobic
interaction (red curve), the decay length D0 of hydrophobic force was determined to be
0.8 nm.
As the electrochemical potential rose to -0.3 V (Figure 4.8B), 0 V (Figure 4.8C),
0.3 V (Figure 4.8D) and 0.45 V (Figure 4.8E) for the treatment of galena surface, the
“jump-in” distance increased to ~6.7, ~7.9, ~8.4 and ~9.2 nm, from which the decay
length D0 of hydrophobic interaction was determined to be 0.9, 1.1, 1.2 and 1.3 nm,
respectively. The enhanced “jump-in” distance and fitted decay length D0 of hydrophobic
interaction indicate that the attraction became stronger and extended to longer range,
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which agrees with the results in Figure 4.3 that the galena surface became more
hydrophobic by contact angle measurements with increasing the electrochemical potential.
Although the exact physical origin of hydrophobic interaction is still under debate, it is
generally accepted that the hydrophobic interaction is closely related to the entropic
effect originating from the disruption of the hydrogen bonding network between water
molecules near the hydrophobic surface.21,

24, 52

The increased decay length of

hydrophobic interaction with increasing the electrochemical potential may suggest that
the mobility of more water molecules is restricted and water correlations at the vicinity of
mineral solid/water interface become longer-range due to the oxidation of lead sulfide to
metal-deficient lead sulfide and elemental sulfur.
Figure 4.9 shows the histograms of measured adhesion Fadh/R during separation of
the hydrophobic AFM tip and galena surface potentiastatically treated at different
electrochemical potentials. With the potential increasing from -0.7 V to -0.3, 0, 0.3 and
0.45 V, the average adhesion increased from 63.00 mN/m to 69.94, 98.95, 117.25 and
146.17 mN/m, respectively. The work of adhesion per unit area Wadh for two flat surfaces
is

correlated

to

the

measured

adhesion

Fadh/R

by

the

Derjaguin-Muller-

Toporov (DMT) model given by Equation 4.5.

Wadh  

1
Fadh / R
2

(4.5)

The adhesion measured could be contributed by various factors including VDW
interactions and possibly hydrophobic effects. It is noted that the contribution of VDW
interaction to the work of adhesion should not change significantly between the
hydrophobic AFM tip and galena surface potentiastatically treated at different
electrochemical potentials. Therefore, the enhanced adhesion with increasing applied
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potential (Figure 4.9) should be most likely contributed by “hydrophobic” attraction.53-54
As a first approximation, the contribution of hydrophobic attraction to the work of
adhesion WHB,adh can be estimated by taking distance D = 0 in Equation 4.2:

WHB,adh  ( Fadh / R) / 2  C / 2 . Therefore, in this work, the constant C of hydrophobic
interaction in Equation 4.2 would be closely related to the adhesion Fadh/R measured, as
also evident from the results that the increased values of the fitted constant C with
increasing applied potential in Figure 4.8 show the same trend as the adhesion Fadh/R
measured shown in Figure 4.9. The above results demonstrate that increasing the applied
potential, within the range tested, in electrochemical treatment of galena surface can
significantly enhance its hydrophobic interaction with other hydrophobic surfaces or
molecules, which have implications in mineral flotation.

Figure 4.9 The histograms of measured adhesion Fad/R and the fitted Gaussian
distributions between the hydrophobic OTS modified AFM tip and galena surface
potentiostatically treated at different electrochemical potentials.
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4.4 Conclusions
Interfacial electrochemical processes play important roles in a wide range of
engineering applications, such as base metal sulfide flotation. In this work, the evolution
of surface characteristics (e.g. morphological changes and surface interactions) of a
model mineral galena were probed at the nanoscale with simultaneous modulation of
interfacial chemical reaction using an EC-AFM. In situ topographic imaging revealed the
slight surface roughening of galena at an applied potential of 0 V (0.206 V vs SHE) and
more pronounced surface roughening at higher potentials such as 0.3 V and 0.45 V. The
interaction forces between electrochemically treated galena and a hydrophobic OTS
functionalized AFM tip showed long-range attraction with “jump-in” distance increasing
with increasing applied potential from -0.7 V to 0.45 V due to the enhanced surface
hydrophobicity as confirmed by contact angle measurements, which can be well fitted by
the extended DLVO theory by including the effect of hydrophobic force. It was found
that the decay length of hydrophobic interaction increased from 0.8 nm to 1.3 nm with
increasing applied potential from -0.7 V to 0.45 V. The electrochemical oxidation at 0 V
arose from the formation of metal-deficient lead sulfide, while the formation of elemental
sulfur at 0.45 V (0.656 V vs SHE) was further confirmed by cryo-XPS. This work shows
a useful methodology for probing the interfacial properties and surface interaction
mechanisms on electrochemically polarized mineral surfaces at nanoscale, which can be
extended to many other interfacial electrochemical processes such as electrocatalysis and
electrochemical energy storage.
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Chapter 5 Probing the Interaction between Air Bubble
and Sphalerite Mineral Surface using Atomic Force
Microscopy
5.1 Introduction
The interaction between air bubbles and solid surfaces determines the bubblesolid attachment efficiency in many engineering processes,1-2 such as mining and froth
flotation,3 wastewater treatment,4 and flotation deinking.5 In mineral flotation, mineral
particles with varying surface hydrophobicity are selectively separated based on their
attachment propensities to air bubbles.1-2 The bubble-solid attachment is governed by the
drainage process of the intervening liquid film under the combined influence of
hydrodynamic pressure and disjoining pressure arising from different surface forces
including van der Waals (VDW), electrical double layer (EDL), and hydrophobic
interactions.6-8 The bubble-mineral attachment process has attracted much attention,9-11
yet the basic understanding of the surface interaction mechanism and thin film drainage
process still remains limited, particularly for the interaction between air bubbles and
mineral surfaces of different hydrophobicity under various hydrodynamic conditions,
which might be probed by direct force measurements.
Over the last few decades, significant progress has been achieved with respect to
the force measurements between two solid surfaces using surface forces apparatus (SFA)
and atomic force microscopy (AFM).12-23 However, direct force measurements involving
deformable objects such as air bubbles were far more complicated than that of solid
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surfaces due to the experimental difficulties and interpretation of the results.24-26 In early
studies by Ducker et al.27 and Fielden et al.28, a silica colloidal probe was driven towards
a large air bubble immobilized on a hydrophobic substrate at a very low approaching
velocity, in which the impact of hydrodynamic force was assumed to be negligible as
compared to surface forces. Strong attraction was observed between air bubble and
hydrophobic particle, while hydrophilic particle was strongly repelled by air bubble. 28
The deformation of the bubble was calculated based on the assumption that air bubble
behaves as a linear Hookean spring with an effective spring constant equal to surface
tension of water,27 which was later proven to actually follow a nonlinear nature especially
under high interaction force.8, 29-32
The recently developed AFM bubble probe technique enables direct force
measurements between two air bubbles or between an air bubble and solid surfaces.8, 29-30,
33-40

The measured forces could be successfully described by a theoretical model based on

Reynolds lubrication theory and augmented Young-Laplace equation.33-35 It was found
that repulsive VDW force could successfully inhibit bubble attachment onto smooth
hydrophilic surfaces (e.g. mica, silica and gold),36-37, 39-40 and hydrophobic interaction
plays a critical role in bubble attachment onto hydrophobized mica surface.39-40
To date, no study has been reported on direct force measurements between air
bubbles and mineral surfaces (e.g. sulfide minerals) except mica and silica
aforementioned,

especially

under

different

bubble

approaching

velocities

or

hydrodynamic conditions. Mineral particles typically have irregular shapes and rough
surfaces, which limits the application of the conventional colloidal probe method for
measuring the interaction forces between mineral particles and surface-supported bubbles.
85

Nevertheless, many minerals exhibit almost perfect cleavage which allows the
preparation of smooth surfaces by fracturing along the cleavage plane, therefore it is
possible to extend the AFM bubble probe technique to directly probe their interaction
forces with cantilever-attached bubbles.
In this work, sphalerite, consisting largely of zinc sulfide, was chosen as a model
sulfide mineral with perfect dodecahedral cleavage on the (110) crystal plane for
generating molecularly smooth surface to be used for force measurements with a
cantilever-attached bubble.41 The interaction between air bubble and sphalerite surfaces
under various hydrodynamic conditions is directly probed using the AFM bubble probe
technique. A theoretical model was used to first fit the interaction force under a low
approaching velocity of the bubble to determine the fitting parameter, and then applied to
predict the interaction forces under other hydrodynamic conditions for comparison with
experiment results. The effects of conditioning treatment (e.g. copper activation and
xanthate adsorption) and solution conditions (e.g. solution ionic strength) on the bubblemineral interaction were also investigated. This work provides useful information and
new insights into the understanding of basic interaction mechanism between air bubbles
and mineral particles in mineral flotation at the nanoscale.

5.2 Materials and methods
5.2.1 Materials
Sodium chloride (NaCl, ACS reagent grade), calcium chloride (CaCl 2, ACS
reagent grade), calcium sulfate hemihydrates (CaSO4·0.5H2O, ACS reagent grade),
magnesium chloride hexahydrate (MgCl2·6H2O, ACS reagent grade), sodium sulfate
86

(Na2SO4, ACS reagent grade), potassium chloride (KCl, ACS reagent grade) and cupric
sulfate pentahydrate (CuSO4·5H2O, ACS reagent grade) were purchased from Fisher
Scientific and used as received without further purification. Potassium amyl xanthate
(PAX, C6H11OS2K, Prospec Chemicals Ltd., Canada) was purified by adding 100 g of
xanthate into 1 L of acetone under stirring at 40 °C for several minutes, and then
precipitated in ether following an established method.42 All aqueous solutions were
prepared using Milli-Q water (Millipore deionized, 18.2 MΩ·cm resistivity).
Hydrochloric acid (HCl, ACS reagent grade) and sodium hydroxide (NaOH, ACS reagent
grade) were purchased from Fisher Scientific and used to adjust solution pH. In this study,
the pH of all the aqueous solutions was fixed at pH = 5.

5.2.2 Preparation of sphalerite surface
Sphalerite (Ward’s Science, NY, USA) was fractured to obtain the natural
cleavage surface that was then glued onto a freshly cleaved mica surface by epoxy with
the fractured face exposed for testing. To remove surface oxidation layer, the freshly
fractured sphalerite surface was washed in 0.01 M HCl solution for 5 minutes, rinsed by
Milli-Q water, and then dried using high purity nitrogen.43
Sphalerite is not sufficiently hydrophobic for spontaneous attachment to air
bubbles in the absence of conditioning treatment, so chemical reagents such as copper
sulfate and short-chain xanthate are widely used as activator and collector, respectively,
to enhance the surface hydrophobicity of sphalerite.42,

44

Herein, sphalerite surface

conditioned in 0.1 mM CuSO4 solution at pH 5 for 5 minutes and subsequently in 0.5
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mM PAX solution at pH 5 for 5 minutes, denoted as “conditioned sphalerite”, was used
to investigate the effect of conditioning treatment on the bubble-sphalerite interaction.

5.2.3 Surface characterization
A contact angle goniometer (ramé-hart instrument Co., NJ, USA) was used to
measure the static water contact angle of sample surfaces using a sessile drop method.
For the same type of sample, at least two different surfaces and three different positions
on each surface were tested, and the average water contact angle was reported. A MFP3D AFM (Asylum Research, Santa Barbara, CA, USA) was used to characterize the
surface topography and roughness of the samples. A Zetasizer Nano (Malvern
Instruments Ltd., United Kingdom) was used to measure the zeta potential of sphalerite
suspension under different solution conditions at pH 5.

5.2.4 Force measurements
Prior to the force measurements, the glass disk of a fluid cell was mildly
hydrophobized by immersing in 10 mM octadecyltrichlorosilane (OTS) in toluene for
~10 s to give a water contact angle of 40°-60°for bubble immobilization. Custom-made
rectangular silicon cantilevers (400×70×2 μm) with a circular gold patch (diameter 65 μm,
thickness 30 nm) were strongly hydrophobized by immersing in 10 mM dodecanethiol in
absolute ethanol overnight to provide higher hydrophobicity than the glass disk for
bubble anchoring.33 Air bubbles were immobilized on the glass disk of the fluid cell in
aqueous solution by carefully purging air through a custom-made ultra-sharp glass pipette
into the solution, and a bubble probe was then prepared by picking up an air bubble of
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suitable size on the glass disk with the AFM cantilever. The spring constants of the
cantilevers were determined to be 0.3-0.4 N/m using the Hutter and Bechhoefer method.45
Figure 5.1A shows a typical optical microscope image (bottom-view) of a cantileverattached bubble.

B
A
R = 75 µm

hmin

Figure 5.1 (A) Optical microscope image of a cantilever-attached bubble with radius of
75 μm which is used as an AFM bubble probe. (B) Schematic of force measurements
between air bubble and sphalerite surface in aqueous solution using the AFM bubble
probe. hmin is the minimum separation or minimum film thickness of the confined water
film between air bubble and solid surface.

The interaction forces between the anchored air bubble and sample surfaces were
measured in aqueous solutions (illustrated in Figure 5.1B) under a range of approaching
velocity of the bubble from 1 to 50 μm/s. During the force measurements, the cantileverattached bubble was positioned over a sample surface and then driven to approach the
surface until a fixed deflection of the cantilever was reached or bubble attachment
occurred. The deflection of the cantilever was detected through a laser beam that was
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reflected from the cantilever to a photodiode detector, which was further converted to
force using the spring constant and Hooke’s law. The movement of the cantilever (viz. air
bubble) and the corresponding interaction force were recorded as a function of time by
AFM software.

5.2.5 Theoretical model
To describe the interaction between air bubble and solid surface, a theoretical
model based on Reynolds lubrication theory coupled with augmented Young-Laplace
equation was applied.8, 29-30, 33-40
Assuming immobile boundary conditions at the air-water and water-substrate
interfaces, the evolution of confined liquid film thickness h(r, t) as a bubble approaches
or retracts from the solid surface is governed by the Reynolds equation (also referred as
Stefan-Reynolds equation46-47) shown in Equation 5.1.8, 29-30, 33-40

h
1   3 p 

 rh

t 12 r r 
r 

(5.1)

where  is the dynamic viscosity of water, r is the radial coordinate and p(r, t) is the
excess hydrodynamic pressure in the film relative to the bulk liquid. The immobile
boundary condition was applied here as it is supported by the recent results of AFM force
measurements involving air bubbles and also agrees with the experiment results in this
work.8, 29-30, 33-40
Assuming a constant interfacial tension, the deformation of the bubble under
combined influence of hydrodynamic and disjoining pressure is described by the
augmented Young-Laplace equation (Equation 5.2) that was derived by balancing the
normal stress with the local curvature of the air-water interface.8, 29-30, 33-40
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where  is the air-water interfacial tension, R is the radius of air bubble, and Π(r, t) is
the disjoining pressure that arises from various contributions of surface forces such as
VDW, EDL and hydrophobic interactions.
The disjoining pressure component arising from VDW interaction ΠVDW and EDL
interaction ΠEDL can be given by Equation 5.3 and Equation 5.4, respectively, where AH
is the non-retarded Hamaker constant for air-water-sphalerite,15, 48-49  1 is the Debye
length, and  b and  s are the surface potential of air bubble and the substrate,
respectively.
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The contribution of hydrophobic interaction to the disjoining pressure, ΠHB, was
reported as an exponential expression (Equation 5.5),18 where D0 is the decay length of
hydrophobic interaction, and C is a constant (N/m) related to the static water contact
angle  on the substrate and water surface tension by Equation 5.6.39-40
 HB  

C
e h / D0
2 D0

C  2 (1  cos  )

(5.5)
(5.6)

The overall interaction force between air bubble and solid surface F(t) is
theoretically calculated by integrating the excess hydrodynamic pressure p(r, t) and
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disjoining pressure Π(r, t) (Equation 5.7) based on an approach similar to the Derjaguin
approximation.8, 29-30, 33-40


F (t )  2  ( p(r , t )  (h(r , t )))rdr

(5.7)

0

5.3 Results and discussion
5.3.1 Surface characterization
Sphalerite surface is relatively hydrophilic with the static water contact angle of
~35°. After conditioning treatment, the water contact angle rises to ~85°, suggesting that
the conditioned sphalerite surface becomes much more hydrophobic. The increased
surface hydrophobicity is mainly due to the adsorption of xanthate as well as formation of
hydrophobic species such as polysulfides and elemental sulfur on the surface after
reagent treatment,44 which allows the conditioned sphalerite particles more readily to
attach to air bubbles in the flotation.

Figure 5.2 AFM topographic images (5×5 μm2) of (A) sphalerite surface and (B)
conditioned sphalerite surface.
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Typical AFM topographic images of sphalerite before and after conditioning
treatment are shown in Figures 5.2A and 5.2B, respectively. The root-mean-square (rms)
roughness is about 0.3 nm for sphalerite surface and slightly increases to 0.5 nm for the
conditioned sphalerite surface, which indicates that a very smooth sphalerite surface was
obtained by fracturing along the cleavage plane and the reagent conditioning treatment
did not significantly change the roughness of the mineral surface.

5.3.2 Bubble-sphalerite interaction in 500 mM NaCl solution
Figure 5.3 (open symbols) shows the measured interaction forces between an air
bubble of radius 75 μm and a sphalerite surface in 500 mM NaCl solution under different
bubble approaching velocities (i.e. v = 1, 10 and 30 µm/s). The force curves show “jumpin” behavior under a lower approaching velocity where the force drastically turns from
positive (repulsion) to negative (attraction) and no “jump-in” occurs under a higher
approaching velocity. The “jump-in” indicates that the bubble is attached onto solid
surface.
The interaction between air bubble and sphalerite surface was first measured
under a low approaching velocity (v = 1 μm/s) with negligible hydrodynamic force to
understand the effects of surface forces. Figure 5.3A shows that the confined water film
kept thinning until the bubble suddenly jumped into contact with sphalerite surface
during approach. For the bubble-water-sphalerite system, the non-retarded Hamaker
constant between air bubble and sphalerite in water is negative, and thus the VDW
interaction is repulsive at any separation.15, 37 The EDL is significantly suppressed in 500
mM NaCl solution and EDL interaction can be neglected. Hence, the attractive force that
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led to bubble attachment arises from hydrophobic interaction which is incorporated into
the theoretical model by using Equations 5.5 and 5.6.
The constant C in Equation 5.6 is calculated to be 0.08 N/m for sphalerite surface
with a water contact angle of 35°. By fitting the measured interaction force (shown as
open symbols in Figure 5.3A) with the theoretical prediction based on Reynolds
lubrication theory coupled with augmented Young-Laplace equation, the decay length D0
of hydrophobic interaction is determined to be 1.0 ± 0.1 nm, and the theoretically fitted
results are shown as the solid curve in Figure 5.3A. The corresponding minimum film
thickness of the confined water film varying with time is also calculated and shown in
Figure 5.3A, and the critical water film thickness right before the “jump-in” is calculated
to be 8.8 nm.
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Figure 5.3 The interaction and the corresponding minimum film thickness of the
confined water film as a function of time between an air bubble of radius 75 μm and a
sphalerite surface in 500 mM NaCl solution under approaching velocity of (A) v = 1 μm/s,
(B) v = 10 μm/s, and (C) v = 30 μm/s. Experiment results are shown in open symbols, and
theoretical calculations are shown in solid curves. For all these figures, the constant C
and the decay length D0 used are 0.08 N/m and 1.0 ±0.1 nm, respectively.
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With the velocity increasing to v = 10 μm/s on approach of the bubble and
sphalerite surface, the repulsion measured was stronger and increased more sharply than
the v = 1 μm/s case (Figure 5.3B), and the hydrodynamic force cannot be neglected and
thus the film drainage process is governed by both the hydrodynamic force and surface
forces. No “jump-in” occurred during approach, but interestingly bubble-sphalerite
attachment was observed during retraction of the cantilever. The fitted decay length D0 =
1.0 ± 0.1 nm at v = 1 μm/s is used to predict the interaction force and bubble attachment
behavior at v = 10 μm/s, and theoretical calculation results for the force and minimum
water film thickness are shown as solid curves in Figure 5.3B. It is evident that the
theoretical prediction (solid curve) agrees very well with the experiment results (open
symbols), which supports the feasibility of the theoretical model and prediction. The
results on minimum water film thickness show that after the commencement of retraction,
the confined water film continued thinning until it reached a critical thickness of 8.6 nm
and the bubble suddenly jumped into contact with sphalerite surface. This phenomenon
can be interpreted by the hydrodynamic suction effect as the water in the confined film
continues to be drained out even after the retraction, which draws the bubble closer to
solid surface.50-51
Figure 5.3C shows the measured (open symbols) and theoretically predicted (solid
curve) forces when the approaching velocity increases to v = 30 μm/s for the bubble
interacting with sphalerite surface. No bubble attachment was observed during the
approach-retraction cycle. On approach, the repulsion increased as the water film thinned.
On retraction, the repulsion decreased and then turned to attraction, while the confined
water film continued thinning until a minimal film thickness of 12.7 nm was achieved, at
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some point where the net force lied between the maximal repulsion during approach and
the maximum attraction during retraction shown in Figure 5.3C, which is due to the
hydrodynamic suction effect.50-51 Therefore, at a high bubble approaching velocity, the
hydrodynamic interaction plays an important role, and the attractive hydrophobic
interaction is relatively too weak to induce rupture of the confined water film even at the
minimum film thickness. Nevertheless, the theoretical prediction based on the classic
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory by including the hydrophobic
interaction (Equations 5.5 and 5.6 using a decay length of D0 = 1.0 ± 0.1 nm) agrees well
with the experimental measurements.
Therefore, it is evident from the above results that the approaching velocity of the
bubble significantly affects the hydrodynamic force which together with surface forces
play the critical role in bubble-mineral interaction and attachment.

5.3.3 The effect of conditioning treatment
The interaction forces between an air bubble of radius 75 μm and a conditioned
sphalerite surface in 500 mM NaCl solution under different approaching velocities (v = 1
and 30 μm/s) are shown in Figure 5.4. The force curves show “jump-in” behavior even at
a high approaching velocity (e.g. v = 30 μm/s) as compared to no “jump-in” at the same
approaching velocity for the case of sphalerite surface, indicating that the bubble is more
readily attached to the mineral surface after conditioning treatment. The adsorbed
xanthate layer is very thin (~1 nm),52-54 and the effect of adsorbed xanthate on VDW
interaction can be neglected at separation D > 3 nm. Thus the VDW interaction here is
taken to be that of bubble-water-sphalerite system. The constant C in Equation 5.6 is
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calculated to be 0.41 N/m for the conditioned sphalerite surface with a water contact
angle of 85°. The decay length of hydrophobic interaction is determined as D0 = 1.5 ± 0.1
nm by fitting the experimental force results at a low approaching velocity v = 1 μm/s, and
the calculated critical water film thickness before bubble attachment is 18.0 nm. The
decay length of hydrophobic interaction and critical water film thickness are larger than
that of the sphalerite case, indicating a stronger hydrophobic attraction for conditioned
sphalerite with higher hydrophobicity (θ = 85°) as compared to that of sphalerite (θ =
35°). Figure 5.4 also shows that the theoretical prediction using the decay length of
hydrophobic interaction D0 = 1.5 ± 0.1 nm agrees excellently with the experimental
measurement at a high approaching velocity (e.g. v = 30 μm/s), in which bubble
attachment did not occur on approach but was observed during retraction.

Figure 5.4 The interaction and the corresponding minimum film thickness of the
confined water film as a function of time between an air bubble of radius 75 μm and a
conditioned sphalerite surface in 500 mM NaCl solution under different approaching
velocities v = 1 and 30 μm/s (open symbols for experiment results, and solid curves for
98

theoretical calculations). The constant C and the decay length D0 used are 0.41 N/m and
1.5 ±0.1 nm, respectively.

It is evident from the above results that hydrophobic attraction plays the critical
role in bubble-mineral attachment. For the bubble-mineral interaction in 500 mM NaCl
here, the overall disjoining pressure includes the repulsive VDW disjoining pressure and
attractive hydrophobic disjoining pressure. Figure 5.5 shows the VDW disjoining
pressure, hydrophobic disjoining pressure and the overall disjoining pressure for the
interactions of bubble-water-sphalerite and bubble-water-conditioned sphalerite in
Figures 5.3 and 5.4, which clearly shows that conditioned sphalerite exhibits stronger and
longer range attractive disjoining pressure and bubble attachment occurs when the overall
disjoining pressure just exceeds the Laplace pressure of the bubble.

Figure 5.5 The VDW disjoining pressure ΠVDW, hydrophobic disjoining pressure  HB
and the overall disjoining pressure  for the interactions of bubble-water-sphalerite and
bubble-water-conditioned sphalerite in 500 mM NaCl solution (air bubble radius ~75 μm).

99

5.3.4 The effects of solution ionic strength
The interaction forces between an air bubble of radius 75 μm and sphalerite
surface measured in NaCl solutions of different concentrations (i.e. 1, 10 and 500 mM)
and 10 mM CaCl2 under a low approaching velocity (v = 1 μm/s) are shown as open
symbols in Figures 5.6A, 5.6B, 5.3A and 5.6C, respectively. The constant C = 0.08 N/m
and decay length of hydrophobic interaction D0 = 1.0 ± 0.1 nm was used to fit the
interaction forces in Figure 5.6 and determine surface potentials of air bubble and
sphalerite surface in the low salt concentration conditions by incorporating the EDL
disjoining pressure using Equation 5.4. The theoretically fitted results for the force and
minimum water film thickness are shown as solid curves in Figure 5.6, and the fitted
surface potential values of the air bubble and sphalerite surface under the different
solution conditions are shown in Table 5.1 and Table 5.2 respectively, which agree with
the literature values and experimental measurements.55-57 As the NaCl concentration
increases from 1, 10 to 500 mM, the critical water film thickness right before the “jumpin” increases from ~6.6, ~7.2 to ~8.8 nm as shown in Figures 5.6A, 5.6B and 5.3A,
indicating that the bubble is more readily attached to sphalerite surface with increasing
the salt concentration as the repulsive EDL force between negatively charged air bubble
and sphalerite surface is weakened.15 The presence of Ca2+ has a more significant effect
on suppressing the EDL as compared to Na+ of the same ionic concentration (e.g. 10
mM), as evident from the slightly higher critical water film thickness shown in Figure
5.6C. Thus, the EDL force also plays an important role in bubble-mineral attachment,
particularly at low ionic concentration conditions, which follows the classical DLVO
theory.
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Figure 5.6 The interaction and the corresponding minimum film thickness of the
confined water film as a function of time between an air bubble of radius 75 μm and a
sphalerite surface at low ionic concentration solutions: (A) 1 mM NaCl, (B) 10 mM NaCl
and (C) 10 mM CaCl2, under a low approaching velocity v = 1 μm/s (open symbols for
experiment results, and solid curves for theoretical calculations). The constant C and the
decay length D0 used are 0.08 N/m and 1.0 ±0.1 nm, respectively.

Figure 5.7 summarizes the overall disjoining pressure (including contributions
from repulsive VDW, repulsive EDL and attractive hydrophobic interactions) for the
bubble-water-sphalerite interaction in various solution conditions, which clearly shows
weaker and shorter-range repulsive disjoining pressure with increasing the salt
concentration (i.e. NaCl, CaCl2) to facilitate the bubble attachment.
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Table 5.1 Comparison of theoretically fitted surface potential values of air bubble
and the literature values55-57
Solution condition

Fitted value (mV)

Literature value (mV) 55-57

NaCl (1 mM)

-30 ±5

-25
-26

NaCl (10 mM)

-23 ±5

-18
-22
-30

CaCl2 (10 mM)

-18 ±5

-15
-17

Table 5.2 Comparison of theoretically fitted surface potential values of sphalerite
and the measured zeta potential values of sphalerite particles
Solution condition

Fitted value (mV)

Measured value (mV)

NaCl (1 mM)

-28 ±5

-25.1 ±1.3

NaCl (10 mM)

-16 ±5

-12.6 ±1.1

CaCl2 (10 mM)

-10 ±5

-8.5 ±0.3

Recycled water of high salinity and seawater have been recently applied for
mineral flotation by mineral processing industry due to the shortage of available fresh
water sources and restrictions for disposal of used water to the environment. It is
important to understand the interaction between air bubble and sphalerite surface in
complex aqueous media containing mixed types of salts (e.g. monovalent and divalent
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ions). Herein, a saline water solution (viz. a mixture of simulated seawater and process
water based on a recipe from a previous report58 as shown in Table 5.3) was used to
mimic the complex aqueous medium in real mineral industrial process to study its
influence on bubble-mineral interaction and attachment.

Figure 5.7 The overall disjoining pressure  for the bubble-water-sphalerite interaction
in various solution conditions (air bubble radius ~75 μm).

The overall ionic strength of the saline water above is close to that of 500 mM
NaCl solution, suggesting that the repulsive EDL force is significantly screened and
bubble-sphalerite attachment is expected under the same approaching velocity as
observed in the 500 mM NaCl solution (Figures 5.3A and 5.3B). Interestingly, Figure 5.8
shows that no bubble attachment was observed in the saline water even at a low
approaching velocity v = 1 µm/s, which demonstrates that the saline water of mixed types
of salts inhibits the bubble-sphalerite attachment and has a more complex influence on
bubble-mineral interaction than simple monovalent salt NaCl or divalent salt CaCl2. Such
anomalous impact of the saline water could not be interpreted by the classical DLVO
theory even including the hydrophobic interaction, and it is likely due to the synergistic
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influence of the presence of various divalent ions such as Ca2+ (7.7 mM), Mg2+ (41.1
mM), and SO42- (22.5 mM). One possibility is that repulsive hydration interaction
prevents bubble attachment on sphalerite surface by overcoming the attractive
hydrophobic interaction,20, 59 and another possibility is that the formation of CaSO4 in
bulk solution and on mineral surface may affect the interaction between air bubble and
sphalerite surface.60
Table 5.3 Ion composition of the saline water
Ion composition

Na+

K+

Ca2+

Mg2+

Cl-

SO42-

Ionic concentration (mM)

359.6

10.8

7.7

41.1

423.0

22.5

Ionic strength (mM)

539.3

Figure 5.8 The measured interaction forces between an air bubble of radius 75 μm and a
sphalerite surface under different approaching velocities in saline water (mixture of
simulated seawater and process water58 as shown in Table 5.3).
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It is noted that the ion specificity like the Hofmeister series effect has been shown
to affect surface interactions of various systems such as bubble coalescence61-62 and
hydrophobic polymers63-64, and ion specificity would also likely play a role in the bubblemineral interactions, which will be reported in a separate work.

5.4 Conclusions
The interaction forces between an air bubble and sphalerite mineral surfaces were
systematically probed, for the first time, using an AFM bubble probe technique under
different hydrodynamic conditions, and the effects of conditioning treatment and aqueous
solution conditions were investigated. The direct force measurements reveal the critical
role of the hydrodynamic force and surface forces in bubble-mineral interaction and
attachment. The theoretical calculations based on Reynolds lubrication theory and
augmented Young-Laplace equation by including the effect of disjoining pressure show
excellent agreement with the AFM experiment results. It was found that hydrophobic
disjoining pressure described by  HB   (1  cos )e h / D0 / D0 was stronger for the
bubble-water-conditioned sphalerite interaction with a larger hydrophobic decay length
D0, which enables the bubble attachment on conditioned sphalerite (with water contact
angle  ~85°) at relatively higher bubble approaching velocities than that of
unconditioned sphalerite (with  ~35°). With increasing the ionic concentration of a pure
monovalent or divalent salt, EDL force could be compressed which facilitates the bubblemineral attachment, following the classical DLVO theory by including the effects of
hydrophobic interaction. This study provides a useful and versatile research methodology
to quantitatively probe the bubble-mineral interaction forces at the nanoscale that could
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offer valuable information for the fundamental understanding of the interaction
mechanisms between bubbles and minerals in many mineral flotation processes and other
related engineering operations.
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Chapter 6 Interaction Mechanisms between Air
Bubble and Molybdenite Surface: Impact of Solution
Salinity and Polymer Adsorption
6.1 Introduction
Molybdenite, the mineral form of molybdenum disulfide (MoS2), is the most
important source of molybdenum. Due to the excellent electronic and optical properties,
MoS2 has attracted tremendous research interest in a wide range of engineering
applications,1-4 such as electronics,5-6 catalysis,7-8 energy storage,9-10 and clinical
devices.11-12 The consecutive MoS2 layers held by weak van der Waals (VDW)
interaction can be readily exfoliated to expose the atomic layer with a low coefficient of
friction, making it an excellent candidate as solid lubricant in tribological applications.13
The surface characteristics of MoS2 such as wettability and surface interactions, which in
certain cases can significantly impact its adhesion and friction behaviors, play important
roles in its applications in electronic and optical devices, tribology and froth flotation.14-17
In flotation process, MoS2 minerals can be selectively separated from other mineral
particles based on their attachment propensities to air bubbles.18-20 Understanding the
effect of surface properties on the bubble-molybdenite interactions is of both fundamental
and practical importance. Generally, the drainage process of the intervening water film
during the bubble-solid attachment is governed by the combined influences of
hydrodynamic pressure and disjoining pressure contributed from VDW, electrical double
layer (EDL), hydrophobic, and steric interactions.21-24 Strong hydrophobic attraction can
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result in rupture of confined water film and bubble-mineral attachment, while EDL and
steric repulsion can inhibit the drainage process and prevent bubble attachment.21-23
Molybdenite exhibits inherently hydrophobic nature on its freshly exfoliated basal
plane, and water-soluble polymeric depressants used in the processing of molybdenum
ores could adsorb on molybdenite surface and reduce its floatability due to the increased
surface hydrophilicity.25-27 Over the past few decades, considerable progress has been
made to unravel the polymer adsorption mechanism and bubble collision interactions on
naturally hydrophobic minerals (e.g. molybdenite, talc and graphite).28-33 The single
bubble-surface collision study by Beattie and co-workers33 showed that the polymer
depressants adsorbed on naturally hydrophobic minerals resulted in longer time of
wetting film drainage and slower rate of dewetting process. In addition, a lower degree of
carboxyl group substitution within carboxymethyl cellulose (CMC) and higher salt
concentration led to a thicker adsorbed polymer layer and an increased polymer coverage
on molybdenite surface, which had a profound influence on slowing down wetting film
rupture and three-phase contact line (TPCL) movement.34 To date, no study has been
reported on quantitative measurements of interaction forces between air bubbles and
naturally hydrophobic minerals, especially in the presence of adsorbed polymer
depressant, probably due to the practical difficulties in precise manipulation of air bubble
and interpretation of measured forces.
Recently, the bubble probe AFM technique has been developed and applied to
quantitatively measure the surface interactions involving deformable air bubbles, such as
bubble-bubble interaction and bubble-solid interaction.20, 23, 35-45 The combinatory effects
of surface forces, hydrodynamic interaction and bubble deformation could be
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successfully described by a theoretical model based on Reynolds lubrication theory and
augmented Young-Laplace equation.20, 23, 35-45 Therefore, the surface forces (e.g. VDW,
EDL and hydrophobic interactions) involving deformable objects (e.g. bubbles) can be
precisely quantified with sub-nN resolution and the drainage process of confined liquid
film can be synchronously determined with nm resolution, which has been verified by our
recent experimental measurements using the bubble probe AFM combined with reflection
interference contrast microscopy (RICM).36
In this work, the bubble probe AFM technique was employed to directly measure
the interaction forces between an air bubble and a molybdenite surface in aqueous
solutions, and the results were analyzed using the theoretical model based on Reynolds
lubrication theory and augmented Young-Laplace equation. The effects of adsorbed
polymer (i.e. guar gum) on the morphology of molybdenite surface and the bubblemolybdenite interaction were also investigated. This work provides useful information
regarding the interaction mechanisms between air bubbles and naturally hydrophobic
minerals before/after polymer adsorption at the nanoscale, with implications for the
design and performance evaluation of novel polymers to depress the bubble attachment
efficiency for many flotation processes.

6.2 Materials and methods
6.2.1 Materials
Sodium chloride (NaCl, ACS reagent grade) and guar gum with a molecular
weight of ~2.5×105 g/mol were purchased from Fisher Scientific and used as received
without further purification. Hydrochloric acid (HCl, ACS reagent grade) and sodium
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hydroxide (NaOH, ACS reagent grade) purchased from Fisher Scientific were used to
adjust solution pH. In this work, all aqueous solutions were prepared using Milli-Q water
(Millipore deionized, 18.2 MΩ·cm resistivity), and the solution pH was fixed at 9.

6.2.2 Preparation of molybdenite surface
The natural cleavage surface of molybdenite (Ward’s Science, Rochester, NY)
was obtained by peeling off the top layers using a sticky tape. Polymer stock solutions
(500 ppm) were prepared by dissolving a desired amount of guar gum in Milli-Q water
under stirring overnight to ensure complete hydration. Solutions of desired concentration
(i.e. 1, 5, 10 and 50 ppm) were prepared by diluting the stock solution in Milli-Q water
and fixing solution pH at 9. Thereafter, freshly exfoliated molybdenite basal plane was
conditioned in the desired polymer solutions for 30 min, rinsed by Milli-Q water, and
then dried using high-purity nitrogen prior to measurements. Herein, molybdenite
conditioned in 1, 5, 10 and 50 ppm guar gum solution were used to investigate the effect
of polymer concentration on the adsorption of polymer on molybdenite surface as well as
the bubble-molybdenite interaction.

6.2.3 Surface characterization
A contact angle goniometer (ramé-hart instrument Co., NJ, USA) was used to
measure the static water contact angle on mineral surfaces using a sessile drop method.
For the same type of sample, at least two different surfaces and three different positions
on each surface were tested, and the average water contact angle was reported. The height
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and phase images of mineral surfaces were obtained using the tapping mode in water with
a MFP-3D AFM system (Asylum Research, Santa Barbara, CA, USA).

6.2.4 Force measurements
The interaction between an air bubble and mineral surface was measured using
bubble probe AFM technique. By carefully purging air through a custom-made ultrasharp glass pipette into aqueous solution, air bubbles were generated and immobilized on
the glass disk of a fluid cell. The bubble probe was then prepared by picking up an air
bubble of suitable size (typically 60-90 μm radius) with a custom-made rectangular
silicon cantilever (400×70×2 μm). The glass disk and AFM cantilever were
hydrophobized in advance following an established method.36 Briefly, the glass disk of
the fluid cell was mildly hydrophobized by immersing in 10 mM octadecyltrichlorosilane
(OTS) in toluene for ~10 s, followed by thorough rinsing with toluene, ethanol and water,
to give a water contact angle of 40°-60°for bubble immobilization, and AFM cantilevers
with a circular gold patch (diameter 65 μm, thickness 30 nm) were strongly
hydrophobized by immersing in 10 mM dodecanethiol in absolute ethanol overnight to
provide higher hydrophobicity than the glass disk for bubble anchoring. The spring
constant of the cantilever was determined to be 0.3-0.4 N/m using the Hutter and
Bechhoefer method.46 The cantilever-anchored air bubble was positioned over mineral
surface and then driven to approach the surface until a fixed deflection of the cantilever
was reached or bubble attachment occurred. The force measurements were conducted at a
fixed driving velocity of 1 μm/s at pH 9 with minimized hydrodynamic effect. A
schematic of typical experiment setup for force measurements using the bubble probe
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AFM is shown in Figure 6.1. The movement of the cantilever (anchored with air bubble)
and the corresponding interaction forces were recorded as a function of time by AFM
software.

Figure 6.1 Schematic of force measurements between air bubble and molybdenite
surface in aqueous solution using the bubble probe AFM.

6.2.5 Theoretical model
A theoretical model based on Reynolds lubrication theory coupled with
augmented Young-Laplace equation was applied to analyze the measured forces between
air bubbles and mineral surfaces.
The drainage process of thin water film confined between air bubble and mineral
surface is described by the Reynolds lubrication theory:20, 23, 35-44

h
1   3 p 

 rh

t 12 r r 
r 

(6.1)

where  is the dynamic viscosity of water, h(r, t) is the thickness of confined thin liquid
film, and p(r, t) is the excess hydrodynamic pressure in the liquid film relative to the bulk
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solution. Immobile boundary condition was assumed at air/water and water/mineral
interfaces, which is consistent with recent reports.20, 23, 35-44
The deformation of the bubble under combined influence of hydrodynamic and
disjoining pressure is described by the augmented Young-Laplace equation.20, 23, 35-44

   h 

2
 p
r

r r  r  R

(6.2)

where  is the water/air interfacial tension, R is the radius of air bubble, and Π(r, t) is the
overall disjoining pressure due to surface forces such as VDW, EDL, and hydrophobic
interactions.
The contributions of VDW, EDL and hydrophobic interactions to the disjoining
pressure ΠVDW, ΠEDL and ΠHB can be given by Equations 6.3, 6.4 and 6.5, respectively,
where AAW  M is the Hamaker constant for air-water-molybdenite,  1 is the Debye
length,  Air and  Moly are the surface potential of air bubble and molybdenite surface,
respectively, D0 is the decay length of hydrophobic interaction and C is a constant
(N/m).20, 47
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The overall interaction force between an air bubble and a mineral surface F(t) is
theoretically calculated by integrating p(r, t) and Π(r, t) based on Derjaguin
approximation as shown in Equation 6.6.20, 23, 35-44
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6.2.6 Microflotation tests
The single mineral microflotation tests were carried out in a custom-made
Hallimond tube. In each microflotation test, 1.5 g molybdenite mineral particles with the
size of 74 µm to 150 µm were added into 150 mL NaCl solution (100 mM) with the
addition of different concentrations of polymer (i.e. guar gum). The obtained suspension
was conditioned for 5 minutes, during which the solution pH was adjusted to 9.
Thereafter, the frother 4-Methyl-2-pentanol (MIBC) was added into the suspension and
transferred to the microflotation tube for flotation using high purity compressed air with a
flow rate of 20 cm3/min. After 8 minutes, the floated mineral particles were collected to
analyze the recovery of molybdenite and each test was repeated for at least three times to
obtain the average recovery.

6.3 Results and discussion
6.3.1. Surface morphology
The topographic AFM images of molybdenite surfaces conditioned at different
polymer concentrations are shown in Figure 6.2. Molybdenite can be readily exfoliated
along the VDW gap to generate a molecularly smooth basal plane, which shows a rootmean-square (rms) roughness of ~0.2 nm in Figure 6.2A. After polymer adsorption,
obvious variations in surface morphology of molybdenite could be observed in the height
images in Figures 6.2B, 6.2C, 6.2D and 6.2E. Molybdenite conditioned at very low
polymer concentration (~1 ppm) in Figure 6.2B exhibited randomly and sparsely
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distributed “particles” or aggregates with height up to ~3 nm and average diameter of
~150 nm. The apparent phase difference between the formed aggregates (bright spots in
Figure 6.2B) and surrounding areas indicates that these aggregates were polymers
adsorbed on molybdenite surface while the surrounding areas were not covered with
polymer. The polymer-covered domains only accounted for ~5.6% of molybdenite
surface area. After conditioned in 5 ppm polymer solution, both the height image and
phase image in Figure 6.2C show that an interconnected network structure formed by the
adsorbed polymers, covering ~44.5% of the molybdenite surface. As shown in Figure
6.2D, with polymer concentration increasing to 10 ppm, molybdenite was covered with a
relatively compact and smooth polymer film, and the homogeneous phase distribution
suggested almost 100% full polymer coverage. In Figure 6.2E, the continuous increase of
polymer concentration to 50 ppm resulted in a more compact and smooth polymer film
that fully covered the molybdenite surface. It is evident that the polymer concentration
significantly affects the adsorption of polymer on molybdenite surface.
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Figure 6.2 AFM height (Left) and phase (Right) images (5×5 μm2) of molybdenite
surface conditioned at different polymer concentrations: (A) 0 ppm, (B) 1 ppm, (C) 5
ppm, (D) 10 ppm, and (E) 50 ppm at pH 9.

Molybdenite was also conditioned at very low polymer concentration (~1 ppm)
with the addition of different concentrations of NaCl to investigate the impact of salt on
the polymer adsorption. Figures 6.3A and 6.3B show the AFM height images of
molybdenite conditioned in 1 ppm polymer solution with the addition of 10 mM and 100
mM NaCl, respectively. Polymer aggregates are visible on the molybdenite surface with
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height up to 3 nm and average diameter of ~150 nm, similar to the polymer patterns
adsorbed on molybdenite surface conditioned without NaCl addition (Figure 6.2B). It is
evident from AFM imaging that adsorbed polymer aggregation patterns on molybdenite
become more densely distributed with increasing the NaCl concentration from 0 to 10
mM and further to 100 mM in the polymer solution. From the AFM images, the polymer
coverage on molybdenite surface can be determined to be ~11.7% with 10 mM NaCl
addition (Figure 6.3A) and ~23.8% with 100 mM NaCl addition (Figure 6.3B), much
higher than ~5.6% without NaCl addition (Figure 6.2B). The enhanced adsorption of
polymer (i.e. guar gum) on molybdenite was attributed to the suppressed electrical double
layer repulsion with increased salinity between negatively charged molybdenite surface
and slightly negatively charged polymer at pH 9.48-51 The zeta potential values of guar
gum and molybdenite have been summarized in Figure 6.4.48-51
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Figure 6.3 AFM height images (5×5 μm2) of molybdenite surface conditioned in 1 ppm
polymer solution with the addition of (A) 10 mM and (B) 100 mM NaCl at pH 9.
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Figure 6.4 Zeta potential of (A) guar gum (measured values) and (B) molybdenite
(literature values) at different salt concentrations at pH 9.48-51

6.3.2. Surface wettability
Figure 6.5 shows the average water contact angle of molybdenite surface
conditioned at different polymer concentrations. The freshly exfoliated molybdenite basal
plane exhibits inherently hydrophobic nature with the measured water contact angle of
75°, which slightly decreased to 73°after conditioned in 1 ppm polymer (i.e. guar gum)
solution. With polymer concentration increasing to 5 ppm and 10 ppm, the water contact
angle significantly decreased to 65°and 56°, respectively. Further increasing the polymer
concentration to 50 ppm could only slightly reduce the water contact angle to 55°,
indicating that 10 ppm is very close to the critical polymer concentration for a full
polymer coverage on molybdenite surface. The Cassie-Baxter model, a generally
accepted model for correlating the contact angle with surface area fraction, could be
applied to predict the polymer coverage  on molybdenite surface using Equation 6.7,47
cos    cos  Moly  poly  (1   ) cos Moly

(6.7)

where θMoly and θMoly-poly correspond to the water contact angle on pure molybdenite (~75°)
and molybdenite with full polymer coverage (~55°), respectively. Based on Equation 6.7,
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the polymer coverage of molybdenite after conditioning in 1 ppm (θ = 73°) and 5 ppm (θ
= 65°) polymer solution was calculated to be ~10.3% and ~51.6%, respectively. It is
worth noting that the contact angle measurements have provided the information on
polymer coverage based on a statistical average of a typical area of square millimeters,
which is comparable to the polymer coverage results obtained from AFM topographic
imaging at the nanoscale.

Figure 6.5 Water contact angle of molybdenite surface conditioned at different polymer
concentrations.

6.3.3 Bubble-molybdenite interaction
Figure 6.6 shows the interaction force profiles measured between air bubble and
molybdenite surface in NaCl solutions of different concentrations (i.e. 100, 10 and 1 mM)
at an approaching velocity v = 1 μm/s. The measured force profile (open symbols) in 100
mM NaCl (Figure 6.6A) shows a sudden “jump-in” behavior during approach, indicating
bubble attachment as also confirmed by an optical microscope. While no “jump-in”
behavior could be observed during the approach-retraction cycle at lower NaCl
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concentrations such as 10 mM (Figure 6.6B) and 1 mM (Figure 6.6C). It is clear that the
salt concentration plays a critical role in the “jump-in” behavior or bubble attachment.
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Air bubble E
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Molybdenite

14.2 nm

Molybdenite
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Air bubble
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Molybdenite

Figure 6.6 Interaction forces (A-C) and calculated thin film profile at maximum force
load (D-F) between air bubble and molybdenite surface in NaCl solutions of different
concentrations: 100 mM (A and D), 10 mM (B and E) and 1 mM (C and F) at an
approaching velocity v = 1 μm/s at pH 9 (open symbols are experiment results and red
curves are theoretical calculations).

In Figure 6.6A, bubble attachment was observed during approach when the
measured force reached just ~4.8 nN. For the air-water-molybdenite system, the Hamaker
constant between air and molybdenite in water is calculated to be -2.68×10-20 J, and thus
the VDW interaction is repulsive at any separation.47, 55-56 In 100 mM NaCl, the Debye
length is calculated to be 0.96 nm and the EDL interaction is significantly screened. Thus,
the observed bubble attachment was induced by the attractive hydrophobic interaction.
By fitting the measured forces (open symbols) with the theoretical model based on the
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Reynolds lubrication equation and augmented Young-Laplace equation by including the
influence of disjoining pressure due to hydrophobic interaction (red curve), the decay
length of hydrophobic interaction was determined to be D0 = 1.2 ±0.1 nm. The calculated
profile of thin water film confined between air bubble and molybdenite surface at the
maximum force load in 100 mM NaCl is illustrated in Figure 6.6D. The critical central
separation just before bubble attachment was calculated to be 11.1 nm, where the central
portion of bubble surface formed a pimple due to the overall attraction that exceeded the
Laplace pressure inside the bubble.
With NaCl concentration decreasing to 10 and 1 mM, no bubble attachment was
observed during the approach-retraction cycle even under a maximum force load of 25
nN as shown in Figures 6.6B and 6.6C. At lower NaCl concentrations, the repulsive EDL
interaction between negatively charged air bubble and molybdenite surface could not be
neglected. When the cantilever-anchored bubble approached molybdenite surface, the
EDL interaction resulted in a strong repulsion that prevented the bubble from attaching to
the mineral surface. During retraction of the cantilever, the repulsion gradually decreased
and a small attraction was detected due to the hydrodynamic suction effect.57-58
By fitting the measured forces (open symbols) with the theoretical model (red
curve), the surface potentials of air bubble and molybdenite surface in 10 and 1 mM NaCl
are determined and summarized in Table 6.1, which coincide with the literature values.4850, 52-54

The calculated profile of confined thin water film in 10 mM NaCl (Figure 6.6E)

and 1 mM NaCl (Figure 6.6F) shows that the central portion of bubble surface was
flattened as the disjoining pressure (due to EDL repulsion) balanced the Laplace pressure
inside the bubbles. As NaCl concentration decreased from 10 mM to 1 mM, the central
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separation between air bubble and molybdenite surface increased significantly from 14.2
nm to 28.8 nm, indicating that the enhanced EDL repulsion at lower salinity can inhibit
the drainage of the confined water film and prevent the bubble attachment to molybdenite
surface.

Table 6.1 Comparison of theoretically fitted surface potentials and literature values
of air bubble and molybdenite in different solution conditions53-57
NaCl

Air bubble

Molybdenite

solution

Fitted (mV)

Literature (mV)

Fitted (mV)

Literature (mV)

1 mM, pH 9

-42 ±8

-38

-55 ±10

-54

-37 ±6

-34

-47
10 mM, pH 9

-25 ±4

-22
-23

Figure 6.7 shows the calculated disjoining pressure profiles between air bubble
and molybdenite surface in NaCl solutions of different concentrations. The disjoining
pressure profile in 100 mM NaCl (Figure 6.7A) indicates the hydrophobic attraction is
the driving interaction for the bubble attachment on molybdenite surface. At lower NaCl
concentrations such as 10 mM (Figure 6.7B) and 1 mM (Figure 6.7C), the EDL repulsion
becomes the dominant interaction and the hydrophobic attraction was too weak to trigger
the bubble-molybdenite attachment.
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Figure 6.7 Calculated disjoining pressure profiles between air bubble and molybdenite
surface in NaCl solutions of different concentrations: (A) 100 mM, (B) 10 mM and (C) 1
mM.

6.3.4 Effect of polymer adsorption on the interaction
The interaction forces between air bubble and molybdenite surfaces conditioned
in 1 ppm and 5 ppm polymer solutions were measured in 100 mM NaCl at an
approaching velocity v = 1 μm/s, as shown in Figure 6.8. Figure 6.8A shows bubble
attachment on molybdenite surface conditioned in 1 ppm polymer solution during
approach after overcoming a repulsive force of ~11.9 nN, which is larger than the critical
force of ~4.8 nN for the pure molybdenite case (Figure 6.6A), indicating that it becomes
more difficult for the bubble to attach to the mineral surface after polymer adsorption.
Since the adsorbed polymer layer is very thin, the effect of adsorbed polymer on VDW
interaction can be neglected at separation D > 3 nm and the VDW interaction can be
taken the same as that for the bubble-water-molybdenite system.47 The decay length of
hydrophobic interaction was determined to be D0 = 0.9 ± 0.1 nm by fitting the measured
forces with the theoretical model including the effect of hydrophobic interaction. The
decreased decay length of hydrophobic interaction as compared to the pure molybdenite
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case suggested weakened hydrophobic attraction for molybdenite after polymer
adsorption.

A

B

Figure 6.8 Interaction forces between air bubble and molybdenite surface conditioned in
(A) 1 ppm polymer solution and (B) 5 ppm polymer solution in 100 mM NaCl at v = 1
μm/s at pH 9 (open symbols for experiment results and solid curves for theoretical
calculations).

With increasing the polymer concentration to 5 ppm, no bubble attachment could
be observed (Figure 6.8B). Thus, conditioning the molybdenite surface in 5 ppm polymer
could effectively inhibit the bubble attachment even though the polymer coverage was
only ~44.5% based on the AFM imaging. The measured force results in Figure 6.8B
could not be fully interpreted by the theoretical model, revealing the complex influence
of adsorbed polymer on the bubble-molybdenite interaction and attachment. When the
cantilever-anchored bubble approached the mineral surface, an additional repulsion was
registered, which was higher than the theoretical calculations (e.g. considering the VDW
repulsion and hydrodynamic interaction, while the significantly suppressed EDL
interaction was negligible) (see the force data at t~0.6 s in Figure 6.8B). Such additional
repulsion was most likely attributed to the steric repulsion between the extended polymer
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chains on mineral substrate and bubble surface. During retraction of the cantilever, a
small adhesion could be measured, which may arise from the interaction of the
hydrophobic moieties of polymer chains with the bubble surface in contact during
approach. It was noted that molybdenite conditioned at higher polymer concentrations
such as 10 and 50 ppm also showed the similar interaction behaviors, and air bubble
could not effectively attach to the mineral surface.

A

B

Figure 6.9 Normalized interfacial adhesion Fadh/R measured between air bubble and
molybdenite surface conditioned in 5 ppm polymer solution at different values of (A)
maximum force load Fmax and (B) contact time tcontact at a maximum force load Fmax = 18
nN.

Figure 6.9 shows the effect of maximum force load Fmax and contact time tcontact
on the normalized adhesion Fadh/R measured between air bubble and molybdenite surface
conditioned in 5 ppm polymer solution. As shown in Figure 6.9A, the measured adhesion
increased from 0.030 mN/m to 0.052 mN/m with the maximum force load increasing
from 18 nN to 72 nN due to the enlarged contact area between the bubble surface and
mineral surface. Similarly, with the contact time increasing from 1 s to 10 s, the measured
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adhesion increased from 0.040 mN/m to 0.051 mN/m under a maximum force load Fmax =
18 nN, as the hydrophobic domains on molybdenite surface and hydrophobic moieties of
polymer chains could have more time to interact with the bubble surface (see Figure
6.9B).

6.3.5 Molybdenite flotation

Figure 6.10 Flotation recovery of molybdenite in polymer solution of different
concentrations in 100 mM NaCl at pH 9.

Figure 6.10 shows the flotation recovery of molybdenite in 100 mM NaCl with
the addition of different concentrations of polymer. The flotation recovery of
molybdenite was measured to be 69.2% without the polymer addition, which was
dramatically reduced to 11.4% and 3.3% in the presence of 1 ppm and 5 ppm polymer
(guar gum) solution, respectively. Further increasing polymer concentration to 10 ppm
could not significantly change the flotation recovery (~2%), indicating that conditioning
the molybdenite surface in 5 ppm polymer could effectively depress the molybdenite
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flotation, which agrees well with the bubble-molybdenite interaction and attachment
behaviors in AFM measurements.

6.4 Conclusions
The wettability and surface interactions of molybdenite have attracted tremendous
research interest in a wide range of engineering applications, such as froth flotation. In
this work, the interaction forces between air bubble and molybdenite mineral surface
before/after polymer (i.e. guar gum) treatment were directly measured using bubble probe
AFM technique. The AFM imaging showed that ~5.6%, ~44.5% and ~100% mineral
surface was respectively covered with the adsorbed polymer after conditioning in 1, 5 and
10 ppm polymer solution, which coincided with the polymer coverage results obtained
from contact angle measurements. The direct force measurement results revealed the
critical role of electrolyte concentration in bubble-mineral interaction and attachment,
which could be analyzed by a theoretical model based on Reynolds lubrication theory and
augmented Young-Laplace equation by including the effect of disjoining pressure. It was
found that the bubble-molybdenite attachment was enabled in higher NaCl concentration
due to the suppressed EDL repulsion. After conditioning in 1 ppm polymer solution, the
bubble became more difficult to attach to mineral surface as compared to the pure
molybdenite case due to the weakened hydrophobic interaction with a smaller decay
length D0. With increasing the polymer concentration to 5 ppm, additional steric
repulsion between the extended polymer chains and bubble surface could be detected to
inhibit the bubble-mineral attachment. This study provides valuable information on the
interaction mechanism between air bubble and molybdenite mineral surface at the
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nanoscale, with implications for the fundamental understanding of surface interaction
mechanisms in many mineral flotation processes and other related engineering operations.
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Chapter 7 Conclusions and Future Work
7.1 Major conclusions
In this study, the surface characteristics of sulfide minerals, including sphalerite,
galena and molybdenite, were probed in complex aqueous media using several
complementary experimental techniques, aiming to understand the flotation related
interfacial phenomena such as surface heterogeneity, electrochemical properties and
bubble-particle interaction mechanisms at the nanoscale.
The nanoscale heterogeneity of surface hydrophobicity and surface interactions on
sphalerite surface before/after conditioning treatment were studied using AFM force
mapping, which revealed that the adhesion on sphalerite fell in a narrow range with a
peak centered at16.4 mN/m, and the adhesion on conditioned sphalerite fell in a wide
range with a small peak centered at 15.5 mN/m and a large peak centered at 58.1 mN/m.
It was clear that the conditioning treatment changed the chemical characteristics of
mineral surface by keeping some domains unchanged while endowing other domains
different degrees of hydrophobicity due to non-uniform adsorption of xanthate. The
additional hydrophobic attraction with the decay length varying from 0.7 nm to 1.2 nm
was found on the different hydrophobic domains.
Equipped with the electrochemical setup, the evolution of surface characteristics
on galena surface was measured at the nanoscale with simultaneous modulation of
interfacial chemical reaction using an EC-AFM. In situ topographic imaging revealed the
slight surface roughening of galena at an applied potential of 0 V (0.206 V vs SHE) and
more pronounced surface roughening at higher potentials such as 0.3 V and 0.45 V. With
the applied potential increasing from -0.7 V to 0.45 V, the measured force results showed
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long-range attraction with increased “jump-in” distance due to the enhanced surface
hydrophobicity as confirmed by contact angle measurements. Fitted by the extended
DLVO theory including the effect of hydrophobic interaction, the decay length of
hydrophobic interaction was found to increase from 0.8 nm to 1.3 nm. The
electrochemical oxidation at 0 V arose from the formation of metal-deficient lead sulfide,
while the formation of elemental sulfur at 0.45 V was further confirmed by cryo-XPS.
In addition, the interaction forces between air bubbles and mineral surfaces (i.e.
sphalerite before/after conditioning treatment and molybdenite before/after depressant
adsorption) were systematically probed using an AFM bubble probe technique. The
quantitative force measurements revealed the critical role of surface forces in bubblemineral interaction and attachment. The theoretical calculations based on the Reynolds
lubrication theory and augmented Young-Laplace equation by including the effect of
disjoining pressure provided excellent agreement with the measured force results, and the
weakened EDL disjoining pressure at high salt concentration facilitated the bubblemineral attachment. For the bubble-sphalerite interaction, hydrophobic disjoining
pressure was found to be stronger on the conditioned mineral, thereby enabling thin water
film rupture and bubble-mineral attachment. For the bubble-molybdenite interaction, the
adsorption of polymer depressant at 1 ppm (~5.6% surface coverage) could weaken the
hydrophobic attraction, and thus the bubble became more difficult to attach to mineral
surface as compared to the pure molybdenite case. The polymer concentration of 5 ppm
was sufficiently high to stabilize thin water film and inhibit bubble-mineral attachment
due to the steric repulsion even if the polymer coverage was only ~44.5%.
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7.2 Original contributions
This work provided the first feasible methodologies to investigate the surface
heterogeneity, electrochemical properties and bubble-particle interaction mechanisms of
mineral particles in complex aqueous media at the nanoscale. The AFM force mapping
was applied for the first time to quantitatively probe the distribution of surface
hydrophobicity and surface interactions of the hydrophilic/hydrophobic domains on
mineral surfaces. The nanoscale heterogeneity of surface hydrophobicity was verified on
mineral surface, and these existed hydrophobic domains could provide the anchoring sites
for preferential attachment of nanobubbles that would facilitate the attachment of fine
particles to conventional sized bubbles. This method provided insights into improving the
efficiency of fine particle flotation by modulating the size and distribution of
hydrophobic domains in various solution conditions.
The application of EC-AFM in the investigation of in-situ evolution of
morphological changes and surface interactions on mineral surface (i.e. galena) provided
important contribution to uncovering the electrochemical reaction and surface interaction
mechanisms on electrochemically polarized minerals. This technique successfully solved
the challenging issues of surface variation after long-term exposure to air or aqueous
solution in conventional surface analysis methods. The measured results revealed that the
electrochemical oxidation changed the morphology of mineral surface due to the formed
hydrophobic species, which could effectively enhance the hydrophobic attraction and
adhesion with hydrophobic particles. It is critical to modulate the interactions and
optimize the processing conditions towards the development of more cost-effective and
environment-friendly flotation technology without reagent addition.
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Different from the direct AFM force measurements between two solid surfaces,
the quantitative measurement of interaction forces involving deformable air bubbles were
far more complicated than that of solid surfaces due to the practical difficulties in precise
manipulation of air bubble and interpretation of measured force results. The application
of AFM bubble probe in the bubble-mineral interactions demonstrated the critical role of
hydrodynamic condition, salt concentration and reagent conditioning in the attachment of
air bubbles on both inherently hydrophilic and hydrophobic minerals. The results for the
first time provided valuable information on the basic understanding of the interaction
mechanisms between air bubbles and mineral surfaces at the nanoscale, which offered
insights into the design of novel reagents (e.g. collector, depressant) to modulate the
bubble attachment efficiency in froth flotation.

7.3 Suggestions for future work
1) The interaction mechanisms among air bubbles, mineral particles and gangue
particles were investigated in relatively simple aqueous systems. More complicated
environments with the combined effects of water chemistry (e.g. pH, ion type and
concentration), reagent addition (e.g. surfactant, collector and depressant) and fine
particle addition should be further investigated.
2) It is critical to apply the combined technique based on AFM force mapping,
EC-AFM and AFM bubble probe to modulate the surface heterogeneity, electrochemical
properties and bubble-mineral attachment toward the development of more cost-effective
and environment-friendly flotation technology. All these complementary experimental
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techniques could also be further extended to other mineral system, especially for complex
polymetallic sulfide ores.
3) The novel chemical reagents should be designed to optimize the flotation
selectivity of chalcopyrite/molybdenite by investigating the effects of polymer depressant
with different chemical structures on the surface properties and bubble-particle
interaction of chalcopyrite and molybdenite.
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